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SCATTERING OF HARD y-RAYS 


By C. Y. CuHao* 
NORMAN BRIDGE LABORATORY OF PHysics, CALIFORNIA 
INSTITUTE OF TECHNOLOGY 
(Received October 13, 1930) 


ABSTRACT 
Measurements have been made on the scattering of y-rays from Th C” by Al 
and Pb. For Al the scattering is, within experimental error, that predicted by the 
Klein Nishina formula. For Pb additional scattered rays were observed. The wave- 
length and space distribution of these are inconsistent with an extranuclear scatterer, 
and hence they must have their origin in the nuclei. 


INTRODUCTION 


N A previous study of the absorption coefficient of hard y-rays in various 

elements,' it was found that the absorption coefficient of light elements 
was predicted fairly well by the Klein-Nishina formula which assumes that 
the removal of the energy from the primary beam is entirely due to Compton 
scattering of the extranuclear electrons. For heavy elements, however, the 
experimental value was much larger than was to be expected from the Klein- 
Nishina formula or any other. Two causes can be suggested to explain this 
additional absorption. (a) It may be an extranuclear phenomenon due either 
to an ordinary photoelectric absorption or a breakdown of the Klein-Nishina 
formula for Compton scattering in these elements. (b) It may also be a 
nuclear phenomenon, such as the scattering by particles inside the nucleus 
or any other nuclear absorption (like the excitation or the photoelectric 
effect occurring there). In an attempt to obtain more information about 
these questions, a study of the scattered rays has been made. 


EXPERIMENTAL RESULTS 


In this experiment, y-rays from Th C after being filtered through 2.7 cm 
of Pb were used as the primary beam. Al and Pb were chosen as the repre- 
sentatives of the light and the heavy elements. The scatterer was set about 
50 cm from the source, which was contained in the same lead cylinder used 
in the previous experiment. The Al scatterer was 118 X2.5 cm in size, 
the Pb scatterer was approximately equivalent to this in total number of 


* Research fellow of the China Foundation for the Promotion of Education and Culture. 
1 Chao, Proc. Nat. Acad. Sci. 16, 431 (1930). 
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electrons. The scattered rays were studied by means of an ionization chamber 
with 20 atmospheres pressure at a distance of about 20 cm from the scatterer. 
The work consisted of three parts. 

(a) The comparison of the intensities scattered from Al and Pb is shown 
in Table I. Here \+And gives the wave-length of the scattered rays according 
to Compton’s fomula, u's; and w’p, are their absorption coefficients in Al 
and Pb respectively. Sgn gives the theoretical intensity distribution, 
expressed in terms of the number of the scattered quanta, according to the 
Klein-Nishina formula for \=4.85 x.u. (i.e. a=5), Sp gives that according 
to Dirac’s old formula. Sa; is the observed distribution of quanta scattered 
by Al. Corrections are made for the absorption in the scatterer of both the 
primary and scattered rays and for the change of efficiency of ionization 
for different wave-lengths (the latter correction is made by assuming that 
the efficiency of ionization is proportional to the absorption coefficient in 
light elements). By comparing Sxgw and Sa), we see that the agreement 
between the theory and the experiment is indeed fairly good. 

Now, since we are mainly interested in the comparison of the scattered 
intensities from Al and Pb, a set of measurements was made which gives 
directly the ratio of the ionization currents due to the scattered rays from 
the two scatterers. If the scattered rays from Al and Pb are of the same 
hardness, the ionization current 7 should be proportional to the energy £ of 
the scattered rays passing through the ionization chamber. In the table, 
(Epp/Ea))1 is calculated by assuming that the scattered intensity at a definite 
angle is proportional to the number of the extranuclear electrons per cc, i.e. 
the value predicted by the Klein-Nishina formula. Here again correction is 
made for the absorption in the scatterer of both the primary and scattered 
rays, the variation of the ratio for different angles being due to this correction 
(tpp/ta,) is the observed ratio of the ionization currents. It is to be noted 
here that in the forward direction (ip,/ia)) is fairly close to (Ep,/Ea)):, but 
in the backward direction (7p,/ia)) is much greater than (Ep,/Ea)); and is 
even greater than (Ep,/Ea))2 which is calculated by assuming that the scat- 
tered intensity at a definite angle is proportional to the absorption coefficient 
at the scatterer. From this fact we can infer that in the case of Pb, beside 
the normal Compton scattering there is still a kind of anomalous scattering. 
This anomalous scattering, in fact, gives about three times as much ionization 
current as the normal scattering does at @=135°, as shown at the end of 
Table I. 


TABLE I. Absorption coefficient of the primary rays, us,=0.109, wp, =0.515. 
Mean wave-length, deduced from wA\=5.2 X.U. 




















Angle of Scattering 22.5" Sg A 90° 135° 
A+AA 7.0 9.6 18.5 29.4 47 
wal .129 .153 .193 .25 .29 
bh’ pp .61 74 1.02 2.0 4.8 
Sk&n 1 .493 .249 .180 
Sp 1 .277 .061 .037 
Sal 1 .504 .254 .188 
(Epp/Eai)i .70 .72 .70 .57 38 
(ipp/tai) .695 i .80 .96 1.44 


(Epp/Eai)2 .965 .995 .97 .80 a 
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(b) The hardness of the scattered rays is shown in Table II. Here Zo is 
the ionization current due to the initial scattered rays, 7’ is that due to the 
scattered rays after passing through a Pb-absorber of 0.68 cm thickness. 
From Table II we see that the hardness of the scattered rays from Al agrees 
very well with that which is to be expected for ordinary Compton scattering, 
but the scattered rays from Pb are harder than is predicted by the simple 
theory for these angles. Later on, a separate investigation of the scattered 
rays from Pb was made with a thicker Pb-scatterer (1.36 cm) and less filtering 
(1.4 cm) of the primary rays in order to obtain greater intensity. The result 
of this investigation is shown in Table III. Here, the anomalous scattered 
rays seem to be almost monochromatic to the limit of accuracy of the present 
experiment. 
































TABLE II. 
Angle of Scattering 90° 135° 
Scatterer Al Pb Al Pb 
(u "pb eal. 2 .0 4 e Ss 
to 310 297 75 108 
q’ 69 101 4 43 
(u’pp) »bs. 2.2 1.6 4.3 1.4 
TABLE III. 
Thickness of Absorber 0 .68 1.36 204 cm 
1 894 308 109 45 
90°. ee ee hee is "tidaemtinatitibaniailillial 
\m'PL 1.6 aun . us 
1 448 151 55 19 
135°. Rie eemenntenmapemeteadlt Saxitiemnianimepionmmeescntnnt 
|’ Pb 1.6 1.5 1.6 








(c) Assuming the absorption coefficient of the anomalous scattered rays 
to be 1.5 in Pb (It is probably too low owing to the fact that the absorbers 
were set at a distance of only 4 to 5 cm from the ionization chamber.), we 
can deduce the wave-length of these rays to be 22.5 X.U. From the result 
of Table I, we can now compute the intensity distribution of the anomalous 
scattered rays as given in Table IV. Since the absorption coefficient of the 
scattered rays plays a very important réle in such calculations and the ratio 
of the anomalous scattered intensity to the normal scattered intensity is 
very small in the forward direction, these values can only give a rough idea. 


TABLE IV. Intensity distribution of the anomalous scattered rays. 


Angle 35° $5” 90° 135° 
Intensity Distribution 05 .06 .07 .08 














DiIscussION 
In view of these results we shall consider the different possible causes as 
to the origin of the anomalous scattering. 
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(a) Extranuclear hypothesis: Under this heading we can include the fol- 
lowing subdivisions. (1) The ordinary photoelectric effect. The anomalous 
scattering can not be explained in this way because, first, it should be very 
small theoretically, and, secondly, the scattered radiation is much harder 
than the K-radiation of Pb, which is the hardest that can be obtained from 
the change of the extra-nuclear electronic configuration. (2) The extra- 
nuclear Compton scattering. Since the intensity distribution of Al-scattering 
agrees fairly well with the Klein-Nishina formula and the intensity distri- 
bution of Pb-scattering is widely different, the anomalous scattering does 
not comply with this hypothesis, Still more important is the fact that the 
change of the wave-length is much smaller than is predicted for Compton scat- 
tering, this prediction is independent of any intensity formula. One might 
expect the scattering of the tightly bound electrons of inner shells to be 
different from the ordinary Compton scattering at first thought, but it does 
not seem adequate for the explanation in considering the fact that we have 
2.710 volts photon against 7.510‘ volts for the binding energy of the 
K-electrons of Pb. Furthermore the change of wave-length found experi- 
mentally is not to be expected in the scattering of the tightly bound extra- 
nuclear electrons. 

(b) Nuclear hypothesis: Under this heading we have again (1) the scatter- 
ing process, the mechanism of which is not yet well known, (2) the re-emission 
after photoelectric absorption or nuclear excitation. Since inside the nucleus 
the separation of energy levels is greater, the change of wave-length can be 
accounted by either process. But in considering the fact that the intensity 
distribution of the anomalous rays is almost uniform in different directions, 
it seems more probable that it originates from the re-emission process. 

Although the final solution of this problem is not yet reached, nevertheless 
from the present experiment it is fairly evident that the additional absorption 
as well as the anomalous scattering of hard y-rays by heavy elements, at 
least Pb, originates in the nucleus. 

The author wishes in this occasion to express his sincere thanks to Pro- 
fessor R. A. Millikan and especially Professor I. S. Bowen for their valuable 
suggestions and also to Professor W. V. Houston for his interest in this 
problem. 
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THE FINE STRUCTURE OF CERTAIN X-RAY 
EMISSION LINES 


By JosePH VALASEK 
DEPARTMENT OF Puysics, UNIVERSITY OF MINNESOTA 
(Received October 2, 1930) 


ABSTRACT 


The Ka lines of Fe, Co, Ni, Cu, Mo, and Ag; and the K@ lines of Mo have been 
studied for possible fine structure with two different single crystal spectrometers 
especially constructed for the purpose. No structure was found. The widths of the 
various a lines and the 8, line of Mo were measured. 


ECENTLY, Bergen Davis and his associates reported the discovery of 

satellites on the long wave sides of various emission lines in the K series 

of Ni, Cu, and Mo,! with a double crystal spectrometer.?. Their results are 
collected in the following table. 




















TABLE I. 
Element are AAX.U. Av/R AV (volts) 

Mo Run 0.085 0.155 2.09 
Ka: 0.096 0.173 2.34 
KB 0.17 0.389 5.29 
Cu Ka 0.42 0.162 2.20 
Eon 0.35 0.134 1.80 
Ni oo 0.45 0.150 2.03 
0.38 0.126 1.70 


Kas 








Attempts have been made to confirm these results with two different single 
crystal spectrometers of special construction. One of these was a new instru- 
ment recently built at Upsala in Professor Siegbahn’s laboratory; the second 
was constructed at the University of Minnesota this year. In both cases 
the arrangement of crystal, Cr, slit, and plate P, was as shown in Fig. 1. 
With this arrangement, only a small part of the crystal surface is utilized for 
any one spectrum line. This has an advantage, for the use of large surfaces 
makes the effects of crystal imperfections more likely to appear. In both cases 
unpolished cleavage surfaces of calcite of excellent quality were used. At 
Upsala in particular, one of Siegbahn’s “precision calcites” designated as 
P. K. 4 was used. 

The resolving power of a spectrograph of the type employed depends on 
the width of the diffraction maxima given by the crystal, and on the width 
of the slit relative to the dispersion. The former depends on the quality of 
the crystal and has a definite minimum value for a perfect crystal. The second 


1 Davis and Purks, Proc. Nat. Acad. Sci. 14, 172 (1928); Purks, Phys. Rev. 31, 931 (1928). 
? Schwarzschild, Phys. Rev. 32, 162 (1928). 
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factor depends on the slit width relative to the distance from the slit to the 
plate. To obtain the order of magnitude of the resolving power attainable, 
it will be assumed that the widths of the diffraction maxima are those given 
by the theory of Ewald, Darwin, and Waller.* Calculations made by Allison 
and Williams‘ lead to widths of 3.0 seconds of are for MoKa in the first order 


Cr F 
—e —@ 
~«Q 
CARS 
R 
P 


Fig. 1. Single crystal spectrometer. Arrangements of parts. 


and 0.56 seconds in the second. For CuKa the corresponding values are 6.0 
in the first order and 1.7 in the second. If a represents the width of the slit 
and R the distance to the plate, then the angular widths in seconds of arc of 
the intensity curves for a perfectly monochromatic radiation at MoKa would 
be: 


Ad, = 3.0 + 2.07(a/R)10° in the first order, 
and 
Ad, = 0.56 + 2.07(a/R)10° in the second order. 
At the wave-length of CuKa the following relations apply: 
Ad, = 6.0 + 2.07(a/R)10° 
and 


Ade 


1.7 + 2.07(a/R)10°. 


’ Waller, Uppsala Universitets Arsskrift (1925). 
* Allison and Williams, Phys. Rev. 35, 149 (1930). 
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These formulae give the theoretical resolving powers for a single crystal 
spectrometer. A double crystal spectrometer would at best (neglecting the 
effect of slit height?) give angular resolutions obtained from the same formulae 
by multiplying the results for zero slit width by 1.414. Thus there is no great 
difference between the theoretical resolutions if the second term is made 
small enough by a suitable design and operation of the single crystal spec- 
trometer. This can be done without making the intensity of the spectrum as 
low as is often assumed. 

The values of the smallest resolvable wave-length differences may be ob- 
tained from the above angles by the use of Bragg’s formula in the differential 
form. The result should give the narrowest doublet resolvable with an inten- 
sity minimum between the two lines. It might sometimes be possible to de- 
tect somewhat closer satellites by means of irregularities in the intensity 
curves. The wave-length resolutions for the data actually used in this work 
are given below. 


TABLE II. Theoretical resolving powers. 











Sec. at Sec. at ae X.U. at 








R (cm) a (mm) order Cu Kg Mo Kg in kX. Mo Kg 
296 0.03 1 8.1 5.1 0.28 0.15 
114 0.015 2 4.4 3.3 0.13 0.10 
114 0.01 2 3.5 2.4 0.10 0.07 








FIRST ORDER SPECTRUM 


The spectrometer used in the first order investigation had been recently 
designed by Professor Siegbahn and constructed in the instrument shops at 
the University of Upsala. Fig. 1 is a photograph of the instrument. The 
crystal is mounted at Cr in a holder that permits of accurate adjustment of 
the reflecting surface by the method of Siegbahn and Larsson.' The precision 
scale P S enables one to obtain the position of the crystal to 2” by means of 
the microscopes J/;. The microscope JJ, is removed after adjusting the cry- 
stal. The slit is at S and the plate holder is at P. The latter can be clamped in 
four different positions along the three meter long J-beam. These are at 46 
96, 196, and 296 cm from the slit. The latter position was used in this work. 
The metal x-ray tube T is of the type described by Siegbahn and is mounted 
so that it can be rotated about the axis of the spectrometer by means of the 
cone at C. This cone serves to attach the tube to the Siegbahn molecular 
pump MP directly below the spectrograph. The settings of the tube are 
made with the aid of the circular scale at Sc. 

Exposures were made of the Ka lines of Cu, Mo, and Ag, and the Kf 
lines of Mo. The current was usually 15 m.a. and the voltage was 45 k.v. 
The exposures required for the CuKa lines were between 2 and 12 hours, 
the former being the time needed when an evacuated tube was placed between 
the slit and the plate holder. The MoK@ lines required an exposure of 20 


6 Larsson, Phil. Mag. 3, 1136 (1927). 
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hours, and about half of this was enough for the Ka lines. Enlargements 
of three of the plates obtained with this apparatus are shown in Fig. 2a, b, 
and c. 

The microphotometer curves for the same plates are given in Fig. 3a, 
b, and d respectively. These were obtained with the Moll microphotometer 
at the University of Minnesota. It is well known that the Moll instrument 
gives such a short microphotometer spot that local variations in density 
such as those due to the granular structure of the photographic image 
produce irregular curves. In order to obtain an average of the blackening 








Fig. 2. Siegbahn’s spectrometer for high resolving power. 


along the spectrum lines, enlargements were made with the negative in 
regular slow motion in a direction parallel to the spectrum lines. This was 
found to give somewhat better results than a cylindrical lens in front of the 
objective. The magnification was only eight times. A reference mark on 
the projection screen was used to make sure that the motion was accurately 
parallel to the spectrum lines. It is thought that this adjustment can be made 
more easily by this method than if a cylindrical lens had been employed. 
Essentially the same adjustment is also required when a microphotometer 
with a long slit is used. Curves with an instrument of this type, a photo- 
electric microphotometer at Upsala, were also made with similar results. 

The positions of the expected satellites are indicated in Figs. 2 and 3 by 
the vertical lines marked x. No conclusion can be drawn from the curve for 
MoKa. However, the satellites of CuKa and MoK@ must be very weak if 
present at all. 
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SECOND ORDER SPECTRUM 


To take advantage of the greater resolving power attainable in the 
second order, a spectrograph was constructed having a camera 114 cm long 
with a carefully constructed slit with gold jaws at the crystal end. The 
general construction was along the lines of the instrument described by 


in iD 
a. b 

, 1 

H ' 
d. e 


Fig. 3. Enlargements of plates taken in the first order with a 0.03 mm slit and 296 cm 








camera length; x marks the location of satellites reported Ly Lavis and Purks: (a) MoKa,, 
(b) CuKa; and as, (c) MoK®p, and 83. 
Enlargements of plates taken in the second order with a 0.01 mm slit and 
114 cm camera length: (d) Nika; and as, (e) CoKa; and as. 


Larsson® except that many simplifications were made since the instrument 
was not intended for absolute measurement of diffraction angles. A narrower 
slit width could be used with this shorter camera length without unduly 
lengthening the time of exposure. The Ka lines of Fe, Ni, Co, and Cu were 
exposed in the second order using about 26 k.v. and 6 to 15 m.a. depending 
on what the cooling would allow. The focal spot was about a millimeter in 
diameter so that a good specific intensity was obtained even with these rather 
low currents. The time of exposure was 10 to 15 hours in the second order 
with the camera partially evacuated. 
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Microphotometer curves of these plates are shown in Fig. 4. They like- 
wise fail to show the structure sought for.° That the resolving power was 
sufficient may be judged from the curves for MoK@B, Fig. 3d and e, a doublet 
of 0.505 X.U. separation. The curve 3d is from a plate taken in the first 
order with Siegbahn’s new spectrograph, while 3e is from a plate obtained in 


« 


4 


shft~2z 








a b, 
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Fig. 4+. Microphotometer curves from plates taken in the first order; solid vertical lines 
mark the location of satellites reported by Davis and Purks: (a) CuKa; and a2, (b) MoKa; 
and as, (c) AgKa; and ae, (d) MoKs; and 83, (e) MoK~, and 83 in the second order with a 
0.015 mm slit and 114 cm camera. 


the second order at Minnesota. Comparison with the curves obtained 
by Davis and Purks,' and, more recently, by Allison and Williams* with a 
double crystal spectrometer shows that the resolving power is comparable 
with theirs. 

The natural width of spectrum lines makes resolution of doublets difficult 
or impossible if the two lines are too close together, e.g. MoKa, Fig. 4b. 
However this difficulty cannot be removed merely by the choice of a 


® The curves show a lack of symmetry which is especially prominent in the FeKa; and 
CoKa, lines. Similar results have been obtained by Seljakow, Krasnikow, and Stellezsky, 
Zeits. f. Physik 45, 548 (1927), who used a spectrograph having a lower resolving power 
than that used in the present work. They associate the broadening toward the long wave 
side with the appearance of the K@! line. 
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spectrograph. An estimate may be made of the half-widths at half maximum 
of the various Ka, lines by measuring the half widths of the microphotom- 
eter curves at the levels of the peaks of the a» lines since these are known 


20" > 
f\ sit" f p -~ 2 





Fig. 5. Microphotometer curves from plates taken in the second order with a 0.01 mm 
slit and 114 cm camera length: (a) Fe Ka; and ae, (b) Co Ka; and as, (c) Ni Ka; and ae, (d) 
Cu Ka; and a (0.015 mm slit). 


to be half as intense as the a lines. The same holds good for the §; and the 
8; lines. The results of such measurements are given in Table III. The 








TABLE III. Half-widths at half maximum of x-ray spectral lines. 





X.U. X.U. 
Line uncorrected corrected X.U.? X.U.' X.U. 
FeKa; 0.24 0.19 
CoKa; 0.34 0.29 
Nika; 0.23 0.18 0.33" 
CuKa, 0.26 0.19 0.35 0.32 
MoKa, 0.20 0.13 0.19 0.24 0.147 
MoKs; 0.16 0.09 0.21 0.22 
AgKa; 0.19 0.12 0.24 0.22 











———--—~- —— __-—~-- 4 





* The measurements in the first order are given. In the second order the lines were 
apparently resolved into doublets with the components of CuKa, CuK, and NiKae@all 0.4 X.U. 
wide (half-width 0.2 X.U.). 


7 Ehrenberg and Susich, Zeits. f. Physik 42, 823 (1927), 
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direct measurements are given in the second column. These have been 
corrected for slit width and diffraction width by subtracting half of the values 
given in Table II. The corrected results are given in column three. Columns 
four, five, and six contain the results of other experimenters obtained with 
the use of double crystal spectrometers. 

The agreement is not very good even among workers using the same 
type of apparatus. As has been noted before, there is a general tendency 
toward sharper lines with increase in atomic number. However, this effect 
is not as pronounced as many experimenters believe, because the decrease 
in diffraction width of the beam from the crystal as the wave-length di- 
minishes is often overlooked. Ehrenberg and Susich have also studied the 
effects of voltage and current on the widths of x-ray lines and find no simple 
relation. Some of the difficulty may be experimental. 

The first part of this work was carried out at the Physical Institute of the 
University of Upsala in Sweden. The writer takes this opportunity to thank 
Professor Siegbahn for suggesting this problem and providing the excellent 
equipment required. The work in the second order was carried out at the 
University of Minnesota with the aid of a grant from the Research Fund 
of the Graduate School. 
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CORRECTION AND EXTENSION OF THE SERIES 
OF THE SILVER ARC SPECTRUM, 
AG lI. 


By H. A. BLair 
PALMER PuHysIcAL LABORATORY, PRINCETON, N. J. 


(Received September 29, 1930) 


ABSTRACT 


Measurements, with a Schiiler-tube source and helium standards, of the high 
series members of Ag | showed the older measurements to be rather poor. A few 
new lines have been added. No terms of the quartet system nor of the d*s* *D were 
found from new arc measurements. The d'%5s 2S is at 61104.4, which gives an ioniz- 
ing potential of 7.53 volts. 


LMOST no extension has been made to the classification of the silver 
arc spectrum as given in Fowler’s Report... McLennan and McLay’ 
have since derived by analogy a probable d*s*?D difference but were not able 
to establish the terms. The difficulty of classification is no doubt due to the 
fact that the lines of this spectrum are relatively few. 

Recently in this laboratory both the silver and copper arc spectra, which 
should be similar in structure, have been photographed and measured. In 
each case the excitation was brought about in arcs in which the lower elec- 
trode, the positive, consisted of a piece of the metal laid on a plate of graphite. 
The cathode consisted of a rod of the metal. Enough current was used, about 
3 amperes on a 350 volt line, to render the lower electrode molten. In the 
case of silver a small amount of copper was added which provided standards 
and also caused the arc to run more smoothly. The spectra from this type of 
source are almost entirely free of air bands, a circumstance which renders it 
possible to obtain measurements on the faint lines. By this method only 
about 200 lines were obtained in silver while about four times as many were 
obtained in copper in the region 2,000 to 7,000A. No success attended an 
attempt to determine the quartet system using these silver lines. The lines 
belonging to this system, if present at all, must be much weaker than the 
corresponding ones in copper as there are few strong lines left unclassified. 

While using the Schiiler tube to excite the silver spark spectrum as 
previously described’ it was not noticed that the high series members of the 
arc spectrum were being brought out. After finding they were excited quite 
strongly in copper, a further search in silver showed that these members 
were present but the newly measured wave-numbers differed from the old 
by 10-15 units in many cases. As the new measures were obtained from 
photographs with the Hilger E. 1. spectrograph using helium standards they 


‘ Report on Series in Line Spectra p. 112, 1922. 
2? McLennan and McLay, Trans. Roy. Soc. of Canada 22, 1 (1928). 
* Blair, Phys. Rev. 36, 173 (1930). 
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are probably no more in error than 0.5 cm™ in any case. For this reason 
and on account of there being a few new lines it was thought worth while 
to give the complete series. 

The Data. In the tables, the older measurements for the lower members 
of the series have usually been retained. For higher members, where the new 
measurements are used, the old have not been included as they can be 
eliminated from lists by referring to Fowler’s Report. Both the arc intensities 
and the Schiiler tube intensites are given as they supply some indication of 
the results of the two types of excitation. The wave-lengths were obtained by 
means of tables from the wave numbers which were calculated from the 
measurements. 


TaBLe I. Diffuse series. 








nd*D,: 





nd? Dx. 13 





PN Auth. J, I y Designation am al ty R.D 
5471.52 E&H 50 18271 .4 5p?P1:°—5d*Dy: 
20.2 
5465.47 E&H 200 18291.6 5p?Py:°—5d?D2: = 12339.9 
900.5 
5209.04. E&H 100 19192 .1 Sp?Ps°—S5d* Dy: 12300.0 12300.0 2.9797 
4212.68 B 35 100U 23731.2 5p? P11°— 6d? Dy: 
9.8 
4210.94 B 100 500U 23741.0 5p?Py1°—6d?D): 6890 .5 
911.3 
4055.27 E&H 75 200R 24652.3 5p?P.° —6@2Dy: 6899.8 6900.3 3.9880 
3811.79* B 5 26227 .0 Sp?Py°-70Dy 
5.9 
3810.93 B 40 5U 26232.9 5p°P\3°—7a*D): 4398 .6 
915.1 
3682.47 B 30 27148.0 Sp?P:1°-—7aDy: 4404.1 4404.4 4.9918 
3624.71 B 20 27580.6 5p°Pi°-8d2D2, 3050.9 
916.9 
3508.08 B 20 28497 .5 5p?P:°—8d*Di; 3054.6 3054.1 5.9937 
3521.16 B 10 28391 .6 5p?Py:° —9d? D2: 2239.9 
918.8 
3410.78 B 8 29310 .4 5p*P:° —9d? Dy: 2241.7 2242.7 6.9963 
3457 .10 B 5 28917 .7 5p?Py\°—10d?D2: = 1713.8 
919.5 
3350.56 B 3 29837 .2 5p?Ps°—10d*)y; 1714.9) 1716.5 7.9995 
3414.55 B 4 29278.1 Sp?Py.°—11d?D2, = 1353.4 
920.1 
3310.51* B 2 30198 .2 5p?Pi°—iid*Pys 1353.9 = 1356.0 9.0030 
covered by 3382 He.? 
3282.53* B 3 30455 .6 5p?Py°—12d*Dy; =: 1100.5 1098.1 9.9868 








The Diffuse Series. The ?P;—*D,,; combinations were used to find a 
Ritz formula. After adjustment of the constants to give the best fit, the 
formula obtained was as follows: 


(m + 3)d*Dy, = 


109737 .1 





(m + 0.9981 — 1.484 X 10-8D)? 
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The value of the lowest term 5s*S is then obtained by adding to 5d 
*D\, the wave-numbers of the lines 5p *P,—5d*D,, and 5s*S—5p°P,. The 
value obtained is 61104.4, corresponding to an ionization potential of 7.53 
volts. 

The column of Table I headed “2D, observed,” gives the terms as obtained 
from the above limit and the observed lines. The calculated terms are those 
derived from the formula. The Rydberg denominators are calculated from 
the observed terms. 

The Sharp Series. The limit got from the diffuse series was assumed for 
the limit of the sharp series. The terms then fit the following Ritz formula 
with reasonable accuracy. 

109737 .1 
(m + 4)s°S = . 
(m + 0.4685 — 1.957 & 1078S)? 





The column headings of Table II have the same meanings as for the diffuse 
series. 


TABLE II. Sharp series. 














d Auth. J, Js ° Designation Po 4 bes hy R.D. 

8273.73 F 12083.1 5p?P1;°—6s°S;  18548.4 
920.4 18548.5 2.4323 

7688.12 F 13003.5 SpPi°—6sS;  18548.6 

4668.50 E&H 50 500u 21414.2 5p°Py\°—7s°S,; 9217.3 
920.6 9217.3 3.4505 

4476.06 E&H 20 500u 22334.8 Sp?Py°—7s:S; 9217.3 

3981.62 K 15 30u 25108.3 Sp?Pyy°—-8sS; $523.2 
920 4 5521.7 4.4574 

3840.82 K 12 20u 26028.7 5p?P:°—8s2S} 5523.4 

3709.30 B 4 10U 26951.3 5p°P1\°—9s2S; 3680.2 
919.9 3679.3 5.4604 

3586.91 B # 6U 27871.2 Sp°P\°—9sS; 3680.9 
3569.76 B 2 28005 .1 5p°P1°—10s?S; 2626.4 2626.7 6.4638 
3487.76 B 5 28663 .5 5p°Piy°—11s?S; 1968.0 1968.5 7.4674 
3434.65 B 1 1 29106.7 5p°Pis°—12s?S; 1524.8 1531.3 8.4836 














The Principal Series. The 6p*?P difference, 203.4 cm™, derived from 
Shenstone’s measurements with copper standards, is probably correct to 
0.2 cm~'. The ?P—*?P combinations did not appear with the Schiiler tube. 
The measurement of those lines in the arc can be expected to be relatively 
poor because of the extreme diffuseness of the lines in that source. 

The d’ s**D. As pointed out by Shenstone‘ this 7D may be expected to 
be nearly coincident with the 5p?P, thus its combinations with 6p?P may be 
expected to lie about the middle of the visible spectrum. None of the lines 
obtained, however, appeared to represent these combinations. The con- 
clusion to be drawn seems to be that the excited silver atom seldom emits 
energies allowing it to revert to this 2D state. If the state were metastable as 


* A, G, Shenstone, Phys., Rev. 31, 317 (1928). 
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in copper this would be unexpected. It thus appears probable that the 7D 
is not metastable, but lies closer to the limit than the 5p?P. The unusual 
relative strengths of the resonance lines would follow as readily from this 
circumstance as that supposed on the alternative explanation that the ?D 


TABLE III. Principal series. 











d Author I, v Designation np*Py4.4 
3280 .66 F 150 30472 .9 58°S;—5p?P 4° 30631 5 
920.6 
3382.86 F 150 29552 .3 58°Sy— 5p? P;° 31552.1 
2001.21 S 48499 .6 5s°S;— Op? P 13° 12604 .8 
203.4 
2069 .81 S 48296.2 5s°S;—Op?P3° 12808 .2 








and the 5p*P are so close together that the collision processes in the arc 
raise the metastable atoms very quickly to the 5p?P state. 

If the *D is higher than the 5p*P itscombinations with 6p?P will be of 
greater wave-length than 5600. Only a very few weak lines were observed 


TABLE IV. 5p?P—6p*?P combinations. 

















Author Ts v Designation Calculated 
5008 .95* B 4U 17823 .7 5p?P1,;—6p*P; 17823 .3 
202.5 
5545 .94 B 25U 18026.2 5p’Pi,;—O6p’Pyy 18026.7 
5333.73 B 7U 18743 .4 Sp°P;—6p*P} 18743 .9 
203.4 
5276.47 B 3U 18946.8 Sp°P;y—6p’Py; 18947 .3 
= F—taken from Fowler. u—diffuse. 
E & H—Exner and Haschek. U—very diffuse. 
K—Kasper. #—covered by He. 3587. 
S—Shenstone. *—new allocations. 
B—author. complete designations are 4d!°ns, np, etc. 


J;~—Schuler tube intensity. 
I,—Arc intensity. 


above 5600, the one of greatest wave-length being at 6450. If any of the 
combinations sought are represented by these lines they will probably only 
be the strongest. 

The writer wishes to express his thanks to Professor A. G. Shenstone for 
much assistance, and to the Carnegie Institution for supplying the calculat- 
ing machine used in obtaining the wave numbers from the measurements. 
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I. EFFECT OF GASES ON THE OPTICALLY EX- 
CITED CADMIUM I SPECTRUM 


By Paut BENDER 
DEPARTMENT OF Puysics, UNIVERSITY OF IOWA 


(Received October 6, 1930) 


ABSTRACT 


An apparatus producing intense optically excited cadmium radiation is used to 
study the effects of nitrogen, carbon monoxide, and hydrogen on the optically 
excited cadmium spectrum, which effects are compared to similar phenomena with 
mercury. Each gas produces a decrease in the intensity of each of the spectral lines; 
no increase occurs because of the lack of self-reversal in the lines of the exciting source. 
The quenching of the resonance line \3261 A.U. is less than that of the remainder of 
the spectrum. Nitrogen quenches very inefficiently, while carbon monoxide is con- 
siderably more efficient: about 35 mm and 3 mm, respectively, of gas pressure are 
necessary to reduce the intensity of the resonance line to half value. Both of these 
gases transfer the excited cadmium atom from the 2°P; to the metastable 2°P» state 
by kinetic energy collisions. Hydrogen quenches the cadmium radiation very effec- 
tively; a collision between the excited 2*P; cadmium atom and a hydrogen molecule 
produces a normal cadmium hydride molecule and a hydrogen atom. 


INTRODUCTION 


FTER Wood’s! first discovery of the quenching of the resonance radia- 
tion of mercury by the addition of foreign gases, Wood and numerous 
other workers have studied the rather remarkable changes occurring in 
the radiation from optically excited mercury vapor produced by the addi- 
tion of foreign gases under various conditions. The cadmium spectrum exactly 
parallels in structure that of mercury, but shows decidedly different energy 
relations within the atom, which facts gave promise of interesting compari- 
sons in the effects of foreign gases on the optically excited spectra of the two 
metals. Also, the hydrogen-filled, high-voltage discharge tube available as 
a source of the cadmium spectrum, with its intense radiation without self- 
reversal, offered a very satisfactory source of excitation for the spectrum of 
cadmium. Accordingly the present investigation was undertaken, studying 
the effect on the optically excited cadmium radiation of the addition of 
nitrogen, carbon monoxide, and hydrogen. This paper discusses the effect 
of these gases on the cadmium I spectrum; the succeeding paper discusses 
the cadmium hydride bands appearing in the optically excited radiation 
with the presence of hydrogen, together with zinc hydride and mercury hy- 
dride bands appearing under parallel experimental conditions. 


APPARATUS 


The apparatus was constructed to produce intense optical excitation by 
the cadmium spectrum itself of cadmium vapor in the resonance tube R, 
as shown by the diagram in Fig. 1. 


1 Wood, Phys. Zeits. 13, 353 (1912). 
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The source of illumination was a long hydrogen-cadmium discharge tube 
D, of a type first described by Ellett? and successfully used for exciting reso- 
nance radiation of various metals. It was operated with a 10 K.\V.A. trans- 
former with a 1 to 60 ratio from a 110-volt source with from 30 to 50 amperes 
in the primary circuit controlled by a water rheostat. A spirally arranged 
quartz section of the discharge tube, making two complete turns around the 
resonance tube R, and a side tube, containing cadmium metal from which 
cadmium vapor was distilled into the discharge tube, were constructed. The 
resonance tube was made entirely of quartz, one end being drawn out 
obliquely to form a light trap, the other end having a plane quartz window 
through which the optically excited radiation passed to the spectrograph. 
The passage of light from the discharge tube to the spectrograph was avoided 
by painting with lampblack the entire resonance tube excepting the central 
portion of the window and the portion of the tube adjacent to the spiral 
of the discharge tube. The resonance tube and the adjacent portion of the 
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Fig. 1. Diagram of apparatus. 


discharge tube were mounted in an asbestos box which was heated by electric 
heaters and the heat generated by the discharge tube. Cadmium metal in 
a side tube supplied to the resonance tube the necessary cadmium vapor, 
the pressure of which was maintained at about 0.008 mm of mercury (cor- 
responding to about 260° C) and controlled by regulating the temperature 
in section A of the box containing the side tube. Sections B and C of the 
box were always maintained at a considerably higher temperature than A 
to avoid condensation of the metal in the main part of the tube. A mercury 
diffusion pump served to evacuate the tube, and a mercury seal made it 
possible to seal the pump from the resonance system. The usual liquid-air 
trap prevented diffusion of mercury vapor to the resonance tube. 

This set-up permitted a very intense illumination of the cadmium vapor 
in the resonance tube, causing it to radiate, but producing no effect when 
the hydrogen discharge tube was operated without cadmium vapor. The 


2 Ellett, Jour. Opt. Soc, of Am, 10, 427 (1924), 
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optically excited radiation appeared as an intense bluish-green glow through- 
out the volume of the resonance tube with such strength that a ten-second 
exposure on a Hilger El quartz spectrograph sufficed to record all the strong 
lines in the cadmium spectrum. 

The gases employed to modify the optically excited radiation were ad- 
mitted into the resonance tube through a capillary tube and stop-cocks, 
as pictured in Fig. 1, which regulated the flow of gas, and which could be 
evacuated separately. The gas pressures up to 1 mm were measured on a 
McLeod gauge, and those above 1 mm were measured directly on the mer- 
cury seal. 

To obtain pure gases for these experiments, the following methods of 
preparation were employed: Nitrogen was obtained from sodium azide, 
which was placed into a flask attached to the system and the entire system 
evacuated, after which the azide was gently heated to decompose it. Car- 
bon monoxide was prepared from sodium formate and sulfuric acid: ‘the 
formate was placed into a flask attached to the system, after evacuation 
the acid was admitted through a stop-cock, and the gas thus produced was 
passed through a liquid-air trap to freeze out any vapors. Hydrogen was 
prepared electrolytically and passed through a liquid-air trap. 

To study the general effects of these gases on the optically excited radia- 
tion of cadmium, the radiation was photographed with a small quartz spec- 
trograph having an average dispersion of about A150 A.U. per mm over the 
range from AA3000 to 5000 A.U., and the intensity relations of the spectral 
lines compared by matching, visually, equal densities on the photographic 
film for different exposure times. No accurate quantitative measurements 
of intensity were attempted. 


DIsCUSSION 

The gases used in the present investigation—nitrogen, carbon monoxide, 
and hydrogen—all produced a decrease in the intensity of the resonance 
radiation of cadmium, never an increase as observed by Wood? for mercury. 
There are two reasons for this difference: First, the lines in the source are 
free from self-reversal, insuring maximum absorption from the central por- 
tion of the line. Second, the absorbing vapor is at a temperature approach- 
ing that of the source, giving a Doppler broadening to the absorption line 
practically the same as that of the absorbed line. Thus any additional 
broadening of the absorption line, due to collisions with the foreign gas 
molecules, will tend only to decrease the absorption; hence, even apart from 
the actual quenching collisions, the only influence of a foreign gas will be 
to decrease the resonance radiation. 

In the optical excitation of the cadmium spectrum, cadmium atoms 
are first brought to the 2*P, state by absorption of the resonance line 
\3261 A.U. (28P;—1'S»), from which state they may either re-radiate the 
resonance line or absorb from the exciting light other frequencies corre- 


? Wood, Proc. Roy. Soc. A106, 679 (1924). 
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sponding to transitions ending on the 2*P; state to bring them to still higher 
excited levels. These more highly excited atoms will then radiate what might 
be termed the secondary portion of the cadmium spectrum, that is, the por- 
tion other than the resonance line and depending on two or more successive 
absorptions by the same atom and, hence, also depending on the second or 
higher power of the intensity of the exciting light. This part of the spectrum 
will include principally those lines ending on the 2°P levels, the transitions 
from the 2°S; and the 3°D levels being the most intense. (See energy-level 
diagram in Fig. 2.) 

Now, in the process of quenching the optically excited radiation by gas 
collisions, this secondary portion of the spectrum will be quenched more 
effectively than the resonance line, depending upon the second or higher 
power of the gas pressure according as the particular excited state involved 
is reached by two or more successive steps, while the quenching of the reso- 
nance line will depend only upon the first power of the gas pressure. 
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Fig. 2, Energy-level diagram for the cadmium atom. 


This effect was observed in the cadmium spectrum with nitrogen and 
carbon monoxide, which produced a much greater decrease in the intensity 
of the secondary portion of the spectrum than of the resonance line. In the 
case of nitrogen, \3261 A.U. persisted with only slightly diminished intensity 
to rather high gas pressures, its intensity at a pressure of 35 mm of nitrogen 
being roughly half that with no gas present. The secondary portion of the 
spectrum could readily be detected at 35 mm nitrogen pressure, although 
it had only a small fraction of its original intensity. Carbon monoxide was 
more effective in quenching the resonance line, 5 mm of the gas decreasing the 
intensity slightly more than did 35 mm of nitrogen. This difference in the 
effects of the two gases is similar to that reported by Stuart‘ in the case of 
mercury, although it seems to be considerably smaller. Stuart’s method of 
excitation was such as to produce only the resonance line \2537 A.U. with 
measurable intensity, and under these conditions the pressures necessary 
to reduce the intensity of the resonance line to one-half value were, for 
nitrogen 30 mm, and for carbon monoxide 0.4 mm. 


‘ Stuart, Zeits. f. Physik 32, 262 (1925). 

















OPTICAL EXCITATION OF CD I SPECTRUM 1539 


Nitrogen and carbon monoxide also produced an increase in the relative 
intensity of the A3404 A.U. line (3°D,—2*P,)) over the remainder of the 
secondary spectrum observed, including the 3*D—2'P lines in the ultra- 
violet and the 2*S—2°P lines in the visible. (The two 3°D lines ending on 
2°P, and the three 3°D lines ending on 2°P2 were not resolved by the spec- 
trograph used). This effect was first noticeable with about 0.01 mm pressure 
of nitrogen and with a slightly lower pressure of carbon monoxide, reaching 
its maximum at about 0.1 mm gas pressure in both cases and persisting 
with a relative intensity ratio between the A3404 A.U. line and the re- 
mainder of the spectrum of about 2 to 1 throughout the whole range of 
pressures observed. 

This phenomenon is apparently caused by an increased population of 
the metastable 2*P,) state of the cadmium atom, due to collisions of excited 
(25P,) atoms with gas molecules. From the energy-level diagram (Fig. 2) 
it is evident that the 3*°D, level will be favored by an increase in the popula- 
tion of the metastable 2*P» level, through absorption of 43404 A.U. from the 
exciting light. On the other hand, the 3*D», and 3*°D; levels will be decreased 
in population by the transfer of cadmium atoms from the 2°P, level to the 
metastable 2*P» level. Thus, in re-emission by transfer from the D to the 
P levels, \3404 A.U. should show an increase in intensity as compared with 
the other two unresolved members of the D triplet. 

A similar but much larger effect is observed in the case of mercury by 
Wood’ and Klumb and Pringsheim,® nitrogen and carbon monoxide produc- 
ing a very large increase in the population of the metastable 2°P» state of 
the atom. Oldenberg’ has suggested that this is due to a resonance phenom- 
enon between the excited mercury atom and the gas molecules, pointing 
out that the energy difference between the 2°P, and 2°P, levels of the mercury 
atom (0.218 volt) is nearly the same as the energy required to excite the 
normal gas molecule to its first vibration level (0.29 volt for N» and 0.265 
volt for CO). In cadmium, however, the difference in energy between the 
two P levels is only 0.07 volt; consequently the same resonance phenomenon 
could not occur. But with so low an energy difference one would expect a 
large transfer of the excited cadmium atoms to the metastable state by col- 
lisions of the second kind with gas molecules, in which the excess atomic 
energy appears as kinetic energy of translation of the colliding molecules. 
Again, at the temperatures employed (about 350°C), at which the average 
kinetic energy of translation of the gas molecules is about 0.08 volt, colli- 
sions with a metastable cadmium atom will have a large probability of bring- 
ing it back to the 2°P; state. Now, in the absence of a gas, the concentration 
of the metastable atoms is relatively low since they are destroyed by rapid 
diffusion to the walls of the tube and are formed only by emission of \A4678 
and 3404 A.U. from the 2°S,; and 3D, levels, respectively, which in turn are 
reached only by two or more successive absorptions. With the addition of 


5 Wood, Phil. Mag. (7) 4, 466 (1927). 
6 Klumb and Pringsheim, Zeits. f. Physik 52, 610 (1928) 
7 Oldenberg, Zeits. f. Physik 49, 609 (1928). 
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a gas, two effects will tend to increase the population of the metastable state: 
first, the presence of the gas will decrease the rate of diffusion of the metasta- 
ble atoms to the walls of the tube, thus increasing their effective life; and, 
second, the kinetic energy collisions of the gas molecules with the atoms in 
the 2*P, and 2°P, states will produce more metastable atoms than they will 
destroy. The final equilibrium with gas present, therefore, should have a 
larger population of the metastable state than does the condition without 
the gas. As pointed out above, this favors the population of the 3*D, level 
by absorption of 43404 A.U. which in turn permits the observed increased 
re-emission of this same line. 

Transfer of the 2?P; cadmium atoms to the upper metastable state (2°P») 
by collisions with gas molecules is highly improbable since the energy dif- 
ference between the two levels (0.14 volt) is considerably in excess of the 
mean kinetic energy of the gas molecules (0.08 volt). 

It is interesting to note here, also, in the cases of mercury and cadmium, 
a comparison of the pressures required to produce the first evidences of 
increased population of the metastable level by gas molecule collisions. For 
mercury the effect first appears at a gas pressure of about 0.1 mm, as stated 
by Pringsheim,’ while for cadmium it is evident at 0.01 mm pressure. This 
is to be expected from the difference in the mean lives of the two excited 
atoms (2°P,). The mean life for mercury is 0.98 X 10-7 sec.* and for cadmium 
it is 2.30 10-° sec.'", giving a ratio of the mean lives of the same order of 
magnitude as the ratio of the collision times required to produce the effects 
observed. 

Hydrogen produced a quenching of the whole optically excited cadmium 
spectrum, with only a slightly greater efficiency for the secondary portion 
of the spectrum than for the resonance line \3261 A.U. The quenching was 
evident at pressures as low as 0.01 mm, and the resonance line was almost 
entirely extinguished at 4 mm gas pressure. Bates" and Hoffman™ have 
observed this quenching effect of hydrogen. Bates attempted to produce the 
spectrum of cadmium by optical excitation of cadmium vapor in the pres- 
ence of hydrogen, but found complete quenching. He failed to state 
the gas pressures employed, however. Hoffman studied the absorption of 
the 2°S,—2'P lines (AA5086, 4800 and 4678 A.U.) by electrically excited 
cadmium vapor in the presence of gases, and found varying degrees of ab- 
sorption of these lines with nitrogen and the inert gases, but could detect no 
absorption in the presence of about 2 mm of hydrogen, which showed that the 
hydrogen very effectively destroyed the 2°P atoms. 

In the case of mercury, the excited atom has an energy (4.86 volts) 
only slightly greater than the dissociation energy of the hydrogen molecule 


8 Pringsheim, Fluorescenz und Phosphorescenz, p. 117 
® Olson, Phys. Rev. 32, 443 (1928). 

10 Ellett, Phys. Rev. 33, 124 (1929). 

! Bates, Proc. Nat. Acad. Sci. 14, 849 (1928). 

2 Hoffman, Zeits. f. Physik 60, 457 (1930). 
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(4.46 volts) ;'* the excited mercury atom is very effective, therefore, in dis- 
sociating the hydrogen molecule, losing, of course, its own energy of excita- 
tion in the process, as pointed out by Cario and Franck." Thus, only a small 
amount of hydrogen gas is necessary to quench the mercury resonance ra- 
diation. In cadmium, however, the energy of excitation of the first excited 
state (3.78 volts) is less than the dissociation energy of hydrogen, hence 
the same quenching process can not occur. Nevertheless, the quenching effect 
of hydrogen seems to be about as strong for cadmium as for mercury. 

The present investigation, however, reveals the formation of the unex- 
cited cadmium hydride molecule in the excited cadmium-hydrogen mixture 
(evidence for this is discussed in the succeeding paper), which leads directly 
to the explanation of the quenching of the cadmium radiation by hydrogen: 
an excited cadmium atom in the 2°P, state collides with a hydrogen molecule, 
forming an unexcited cadmium hydride molecule and an atom of hydrogen, 


Cd(2*P,) + H: — CdH + H. (1) 


Svensson," in his analysis of the cadmium hydride band system, gives for 
the dissociation energy of the normal CdH molecule the value 0.67 volt." 
In the collision represented by Eq. (1), therefore, the total energy available 
is the sum of the excitation energy of cadmium (3.78 volts) and the disso- 
ciation energy of the CdH molecule, which sum amounts to 4.45 volts. 
This is practically the same as the required dissociation energy of the hy- 
drogen molecule (4.46 volts), which fact makes the process highly probable. 

The present experiments gave evidence, also, of the formation of atomic 
hydrogen in the optically excited cadmium-hydrogen mixture, which is 
further verification of the process of molecule building represented by Eq. 
(1). With commercial (chemically pure) cadmium metal in the side tube 
of the resonance tube, optical excitation of the cadmium-hydrogen mixture 
in the resonance tube caused a large decrease in the hydrogen pressure, 
which decrease did not occur without optical excitation even when the mix- 
ture stood for a long period at the high temperature employed. The lost 
hydrogen was found as water frozen out by the liquid-air trap, which had 
been formed, presumably, through a reduction by atomic hydrogen of some 
oxide present in the cadmium supply. This was further verified by using 
in the resonance tube cadmium which had first been distilled in an atmosphere 
of hydrogen to reduce any oxide present; whereupon only a very small de- 
crease in the hydrogen pressure occurred on operation of the tube. 


18 Richardson and Davidson, Proc. Roy. Soc. A123, 54 (1929). 

44 Cario and Franck, Zeits. f. Physik 11, 161 (1922). 

16 Svensson, Zeits. f. Physik 59, 333 (1930). 

16 The spacing between the vibration levels of the normal CdH molecule does not follow 
the empirical rule stated by Condon and Morse (Quantum Mechanics p. 159) as holding for 
many diatomic molecules. Applying this empirical rule to the three highest vibration levels 
recorded by Svensson yields the value given (0.67 volt) for the dissociation energy. Higher 
values are obtained when it is applied to other levels. This value must be considered, therefore, 
merely as a rough approximation. 
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In contrast with the effects of nitrogen and carbon monoxide, the spec- 
trograms of the present investigation showed no evidence of an increased 
population of the metastable state with hydrogen present, which agrees 
with the observations of Klumb and Pringsheim® for mercury. The reason 
in the present case of cadmium is obvious when we consider that a collision 
of the excited cadmium atom with a hydrogen molecule produces the CdH 
molecule, as described above, and hence will not transfer the cadmium atom 
to the metastable state. 

In addition to the cadmium spectrum, cadmium hydride bands appear 
in the optically excited radiation from the cadmium-hydrogen mixture. 
This interesting phenomenon is discussed in the succeeding paper. 

CONCLUSIONS 

Nitrogen and carbon monoxide have a low quenching efficiency on the 
optically excited cadmium radiation, and are less effective in quenching 
the resonance line \3261 A.U. than the remainder of the spectrum. 

Kinetic energy collisions of gas molecules with excited cadmium atoms 
transfer them from the 2°P, to the metastable 2*P» state. 

Hydrogen is very effective in quenching the optically excited cadmium 
radiation, collisions with the 2°P; cadmium atoms forming CdH molecules 
and atomic hydrogen. 

To Professor A. Ellett, who suggested the present investigation and ren- 
dered valuable assistance in its execution, the writer wishes to express his 
appreciation. 
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Il. OPTICAL EXCITATION OF CADMIUM HY- 
DRIDE AND ZINC HYDRIDE BANDS 


By PauL BENDER 
DEPARTMENT OF PHysics, UNIVERSITY OF Iowa 
(Received October 6, 1930) 
ABSTRACT 


Excitation of a cadmium-hydrogen gas mixture with light from a hydrogen- 
cadmium electric discharge produces with great intensity a portion of the band sys- 
tem of the CdH molecule, while excitation of the same mixture with light from a 
helium-cadmium discharge does not produce these bands. The process consists, 
first, of a collision between a 2°P; cadmium atom and a H» molecule to form an 
unexcited CdH molecule, which molecule is then brought to the excited levels by 
absorption from the exciting light of the band frequencies themselves, whence it emits 
the band radiation in returning to the normal state. A weak excitation of the entire 
*11—*S band system also occurs independently of the opticalexcitation as a result 
of collisions of the second kind with excited cadmium atoms. 

ZnHi bands are also produced as a true optical resonance phenomenon under 
exactly parallel conditions. The formation of the ZnH molecule results in a selective 
quenching by hydrogen of the triplet zinc spectrum, while the singlet spectrum is 
unaffected. 

The experiment of Gaviola and Wood, in which HgH bands are excited through 
collisions of the second kind, is repeated and discussed in the light of the above results. 


CADMIUM HypRIDE BANDs 


ITH the apparatus described in the preceding paper, a cadmium- 
hydrogen mixture in the resonance tube was illuminated with the 
light from the hydrogen-cadmium electric discharge. This produced an 
optically excited radiation which contained a portion of the cadmium hydride 
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Fig. 1. Spectrograms of radiation from cadmium-hydrogen mixture optically ex- 
cited by (a) hydrogen-cadmium and (b) helium-cadmium electric discharge. 
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band system. The bands with heads at AA4310, 4500, 4571 and 4791 ALU, 
appeared very prominently, while, with somewhat longer exposures, those 
with heads at AA4835, 4198, and 4026 A.U. were also faintly evident. The 
stronger of these bands appeared with fair intensity at hydrogen pressures 
in the cadmium resonance tube as low as 0.1 mm of mercury and reached 
a maximum intensity at about 0.5 mm pressure. At still higher pressures 
they became less intense, probably as a consequence of the quenching of 
the cadmium resonance radiation at such high pressures of hydrogen gas, 
as described in the previous paper. Under the optimum conditions for exci- 
tation of the bands, the two strongest bands, with heads at AA4310 and 4500 
A.U., had a gross intensity at least as great as that of the visible triplet of 
the cadmium spectrum; the bands at AA4571 and 4791 A.U. had always 
a much lower intensity, however. These facts were shown by photographs 
of the optically excited radiation taken with a small quartz spectrograph 
having an average dispersion of about 4150 A.U. per mm in the range AA3000 
to 5000 A.U. One of these spectrograms taken under the optimum conditions 
for band excitation is reproduced in Fig. 1a. 

Fig. 2b is a large spectrogram of this same optically excited radiation 
taken with a four-hour exposure on a Hilger El quartz spectrograph. The 
original plate, of which this is a reproduction, showed definitely, in addition 
to the four prominent bands, the presence of the bands with heads at AA4835, 
4198, and 4026 A.U. (Those with heads at \A4835 and 4198 A.U. may be 
seen faintly on the reproduction, but A4026 A.U. is beyond the range of the 
reproduction.) For the sake of comparison, a spectrogram of the radiation 
from the hydrogen-cadmium electric discharge tube used as an exciting light 
source is reproduced in Fig. 2a, and it is observed that this radiation con- 
tains the more complete CdH band system as compared to the relatively 
few bands appearing in the optically excited radiation. It is observed also 
that in the optically excited radiation the bands with heads at AA4310 
4500, 4571, 4791, and 4835 A.U. have about the same relative intensities 
as they do in the radiation from the electric discharge. (Reference is made 
to this fact later in the paper.) 

Since the CdH bands are present in the radiation from the hydrogen- 
cadmium discharge tube used as a source of illumination, it was thought 
possible that their excitation in the resonance tube was an optical resonance 
phenomenon. In order to determine whether this was the case, the discharge 
tube was operated with helium instead of hydrogen, thus eliminating the 
CdH band radiation from the source but giving as intense a cadmium spec- 
trum as did the hydrogen discharge. When the cadmium-hydrogen mixture 
in the resonance tube was illuminated by this helium-cadmium source its 
radiation did not show the very strong CdH bands apearing before, but 
contained with very low intensity the entire *II—?2 CdH band system. This 
weaker band radiation had not been observed earlier with the hydrogen 
source, but on returning to the hydrogen source, a very much longer exposure 
showed that with this method of excitation also the entire *II—*2 system of 
bands was present. Most of the heads had about the same intensity under 
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Fig. 2. (a) Spectrogram of the radiation from a hydrogen-cadmium electric discharge 
showing the most prominent portion of the CdH *Il—? band system. (b) Spectrogram of the 
optically excited CdH band radiation. 
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the two methods of excitation, but those mentioned above (with heads at 
AAS310, 4500, 4571, and 4791 A.U.) came out with an intensity at least 
fifty times as great with the hydrogen cadmium excitation as with the helium- 
cadmium excitation. Fig. 1 is a reproduction of spectrograms of the Cd 
and CdH radiation as produced by the two methods of optical excitation. 
It will be observed that with the helium-cadmium excitation the bands are 
evident over nearly all of the range of wave-lengths between the cadmium 
lines AASO86 and 3613 A.U., with the heads at AA4310 and 4500 A.U. stand- 
ing out slightly more prominently than the rest of the system. On the other 
hand, with the hydrogen-cadmium excitation the entire band system is pres- 
ent, but the heads at AA4310, 4500, 4571, and 4791 A.U. have a very great 
intensity, much greater than that of the remainder of the system. 

An additional experimental detail is of significance in this connection. 
lor the helium discharge, a new discharge tube was built in order to avoid 
contamination of the helium with hydrogen evolved from the electrodes and 
metal deposited on the walls of the old discharge tube, which had been 
operated with hydrogen. The new tube, operated with helium, at first showed 
considerable hydrogen gas, which had been occluded by the aluminum elec- 
trodes. But after operating the tube at a high temperature and washing 
out the gases with successive charges of helium it was practically free from 
hydrogen. In the earlier spectrograms, taken with small quantities of hy- 
drogen in the helium discharge tube, the prominent portion of the CdH 
spectrum (i.e., bands with heads at \A4310, 4500, 4571, and 4791 A.U.) was 
considerably more intense, decreasing in intensity as the amount of hydrogen 
in the source was diminished. Under the final condition, with no hydrogen 
present, these prominent bands were reduced in intensity to a value com- 
parable with that of the remainder of the band system, as shown by the 
spectrogram of Fig. 1b. 

These results are direct evidence that we have here a true optical reso- 
nance of the CdH bands. An alternative possible method of excitation of the 
band radiation would be through collisions of the second kind with excited 
cadmium atoms, but under like conditions of excitation of the cadmium in 
the resonance tube containing cadmium and hydrogen the strong band radia- 
tion is excited only when the band frequencies themselves are present in 
the exciting light. 

Additional indirect experimental evidence for the optical excitation of 
the CdH bands was obtained by filtering the exciting light from the hydrogen- 
cadmium discharge tube through Wood’s nickel glass. This greatly reduced 
the intensity of the \3261 A.U. line but allowed it to pass with sufficient 
intensity to excite a relatively weak cadmium spectrum in the resonance tube. 
The 3°D—2'P Cd lines were passed without absorption, but the 2*S—2*P 
Cd lines and the \A4310 and 4500 A.U. CdH bands were completely ab- 
sorbed. Under these conditions the optically excited spectrum showed the 
3'D—2'P lines, but the 2*S—2°P lines and the bands were absent. This 
absence of the bands is to be expected, obviously, from the theory that the 
bands are excited by absorption of the band frequencies themselves from 
the exciting radiation rather than by collisions with excited cadmium atoms. 
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In order that this resonance phenomenon can occur, CdH molecules 
must first be present in a state in which they are able to absorb the band fre- 
quencies. This state must be the lowest vibration level of the unexcited mole- 
cule, as is revealed by fitting the optically excited band system into the energy- 
level diagram of Svensson.' Thus the optical resonance of the band spectrum 
furnishes the evidence for the presence of the normal CdH molecule, the 
method of formation of which is discussed in the preceding paper. 

The exact method of absorption and re-radiation of the bands by the 
CdH molecule is revealed by a study of the structure of the band system. 
Svensson! has analyzed the CdH band systems appearing in a hydrogen- 
cadmium electric discharge, such as was used in the present investigation 
for an exciting light source, and his analysis of the *II—?2 system is repre- 
sented in the energy-level diagram in Fig. 3a. A spectrogram of the most 
prominent portion of this system, taken by the writer on a Hilger El quartz 
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Fig. 3. Energy-level diagram of the CdH band system. (After Svensson)! (a) 
The entire system. (b) The portion of the system which is optically excited. 


spectrograph, is reproduced in Fig. 2a. The energy-level diagram in Fig. 
3b represents the portion of the band system which is optically excited, as 
shown by the spectrogram of Fig. 2b. The excitation and radiation proceed 
as follows: the CdH molecules in the normal 2S‘)? state absorb from the ex- 
citing light the frequencies of the bands with heads at A4500 A.U. (*11,°? — 
2S) and at A4310A.U. I,“ —2=™),) bringing them to the excited *II, and 
"11, states, from which states they re-radiate the same band frequencies 
along with the other band frequencies which have these *II states as upper 
levels. This process yields the bands at \A4310, 4500, 4571, 4791, and 4835 
A.U. These radiated bands would be expected to have intensities propor- 
tional to their transition probabilities. This was observed, the transitions 
to the first, second, and third vibration levels of the normal (?2) CdH 
molecule having about the same intensity ratios as these same transitions 
in the hydrogen-cadmium electric discharge, as pointed out above. Again, 
a second process produces the bands at A4198 A.U. (IT, “? —*2“) and 44026 
A.U. (II, —22"), which is also a true resonance phenomenon, these bands 


1 Svensson, Zeits. f. Physik 59, 333 (1930). 
? The superscript in parenthesis is the vibrational quantum number. This notation follows 
the suggestion of Mulliken, Phys. Rev. 36, 611 (1930). 
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being absorbed directly from the exciting light to bring the molecules 
to the second vibration levels of the two *II states, respectively, whence they 
are re-emitted by the absorbing molecules. 

The much lower intensity in the resonance radiation of these latter bands, 
as compared with those arising from the “II, and *I,°» levels, is caused by 
the lower intensity of these same bands in the exciting light, the AA4198 
and 4026 A.U. bands being much weaker than the AA4310 and 4500 A.U. 
bands. The absorption probability of a given resonance frequency is di- 
rectly proportional to the second power of its intensity, hence the weaker 
resonance bands will be relatively less intense in the resonance radiation 
than in the exciting light, which is the case here. 

One would expect absorption by the >= CdH molecule to occur also from 
vibration levels higher than the first if an appreciable number of molecules 
were found on these higher levels. Only a study of the absorption spectrum 
of the CdH molecule under the given conditions will give a direct answer to 
this question. All the phenomena observed in this investigation, however, 
are readily explained on the basis of absorption from the lowest level only. 
A consideration of the process of formation of the CdH molecule, described 
in the preceding paper, leads also to the conclusion that only this lowest 
level will be populated to any great extent. It was shown that the neces- 
sary 4.46 volts of energy required to dissociate the hydrogen molecule is 
almost exactly balanced by the sum of the excitation energy of the 2°P; 
cadmium atom and the dissociation energy of the CdH molecule, totaling 
4.45 volts, which energy would permit the molecule to find itself in the lowest 
vibration level of the *~ state. Now, the energy difference between this 
lowest level and the second vibration level is 0.17 volt, a value too high to 
make very probable the possibility of finding the CdH molecule on the se- 
cond level as a direct result of the process of molecule building or as a result 
of kinetic energy collisions of the CdH molecules with gas molecules, since 
the mean kinetic energy of translation at the temperatures employed is only 
0.08 volt. Therefore, one would expect to find the population of the vibra- 
tion levels higher than the first to be very small and absorption from these 
levels to be negligible. 

The excitation of the entire *II —*S band system with low intensity, when 
either the helium-cadmium or the hydrogen-cadmium discharge is used as 
a source of illumination, must be due to collisions of excited Cd atoms with 
either CdH molecules or Hz molecules to form excited CdH molecules, which 
then radiate the band spectrum. A study of the energy relations involved in 
these collision processes is particularly instructive in determining the proba- 
bility of their occurrence. In the CdH molecule the vibration levels of the *II 
states have energy values above that of the lowest vibration level of the 
*> state ranging from 2.74 to 3.30 volts, so that, in order to excite it to the 
*II levels, there must be given to the unexcited CdH molecule energy of an 
amount within this range corresponding to the particular *I level that is 
to be excited. Now, if this energy results from a collision of the second kind 
with an excited cadmium atom, the atom will give up an amount of energy 
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corresponding to a transition from the particular excited state of the atom 
to a lower state. It will be observed, however, that the total energy of exci- 
tation of any of the excited states of the cadmium atom is considerably in 
excess of this range of CdH energies, the lowest value, that for the 2°P, 
state, being 3.71 volts. Also, the 3*D—2*P transitions have energies (3.42 
to 3.63 volts) somewhat above, while the 2°S—2*P transition energies (2.43 
to 2.64 volts) lie somewhat below the range of CdH energies. This type of 
collision of the second kind seems, therefore, not to be very probable, al- 
though its probability is not entirely negligible. 

For the other type of collision excitation, involving an H». molecule the 
energy relations can be determined by representing the complete process of 
excitation and radiation in two steps, as follows: 

Cd (excited) +H:.+A—CdH (excited) +H (1) 

CdH (excited) —>CdH (normal) + band radiation (2) 
where A is an amount of energy, either positive or negative, to be supplied 
from kinetic energy. In order to balance the energies involved, one must add 
the following equations: 


CdH (normal)+0.67 volt—Cd (normal)+H (3) 
Cd (normal) +excitation energy of Cd-—-Cd (excited) (4) 
H+H-—-H,+4.46 volts. (5) 


Adding these five equations, we have the energy equation 
excitation energy of Cd+0.67 volt +A—band radiation +4.46 volts, (6) 
and putting in the limits of the band radiation energies, we obtain the equa- 
tion 
excitation energy of Cd+A— (6.53 to 7.09 volts). (7) 
If, now, we supply the values of the excitation energies of cadmium in its 
various excited states (3.78 volts for 2°P;, 6.35 volts for 2°S,, 7.34 volts for 
3°—D), we see that the 2*P, level falls far short of having the required energy, 
and that the 2*S, level will require at least 0.18 volt to be supplied from kine- 
tic energy, while the 3°D levels will have an excess of energy to appear as 
kinetic energy ranging from 0.25 to 0.81. volt. Thus, this process also will 
have a very low probability. The one or the other of the two collision excita- 
tion processes described above is responsible, no doubt, for the weak band 
spectrum observed without excitation by the band frequencies themselves; 
or it may be that these two processes together produce the phenomenon. 
The CdH? II —?2 band system may then be excited in two ways under the 
conditions of the present experiments: first, by collisions of excited cadmium 
atoms with either CdH molecules or Hs molecules, and, second, through ab- 
sorption by the CdH molecules of the band frequencies themselves from the 
exciting light. 


Zinc HypRIDE BANDs 
To study parallel phenomena, similar experiments were tried with zinc 
and mercury, whose hydride band spectra, as well as their atomic spectra, 
parallel those of cadmium. For zinc the same apparatus as was used for 
cadmium was employed, with the same technique, excepting that higher 
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temperatures were required. The resonance tube was maintained at a tem- 
perature of about 420°C and with a zinc vapor pressure corresponding to a 
temperature of about 380°C (0.036 mm of mercury). The discharge tube 
Was operated first with hydrogen, then with helium, with small quantities of 
zine vapor distilled from the side tube in each case. Illuminating a zine-hy- 
drogen mixture in the resonance tube with the hydrogen-zine source pro- 
duced in the optically excited radiation, in addition to the zinc spectrum, 
also some zine hydride bands. A spectrogram of this radiation is reproduced 
in Fig. 4. When the discharge tube was operated with helium not entirely 
freed from hydrogen the optically excited band spectrum decreased in inten- 
sity as the amount of hydrogen in the source was diminished. This indicates 
an optical excitation of the ZnH bands similar to that in the case of the CdH 
bands. 


ZnH Bands 
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Fig. 4. Spectrogram of radiation from zinc-hydrogen mixture optically 
excited by hydrogen-zine electric discharge. 


The method of formation of the ZnH molecule is, apparently, also the 
same as in the case of cadmium. Illumination of the zinc vapor alone in the 
resonance tube produced an intense green glow of the optically excited zinc 
radiation; on the admission of hydrogen, however, at a pressure of about 0.02 
mm the color of the glow changed to red. Now, the visible portion of the 
zinc spectrum contains most prominently the triplet blue-green lines \A4810, 
4722, and 4680 A.U. (2°S,;—2'P) and the singlet red line \6362 A. U. (3'D.— 
2'P,). The green glow of the zinc radiation is due to the predominance of the 
three triplet blue-green lines, while the red glow on the admission of hydrogen 
results from the quenching of these triplet lines by the hydrogen gas, the 
singlet red line retaining its original intensity. The triplet lines are emitted 
after two successive absorptions, the first of which is the absorption of the 
resonance line \3076 A.U. bringing the atom to the 2°P, state with an energy 
of 4.06 volts. Hulthén® lists the dissociation energy of the normal ZnH mole- 
cule as about 0.9 volt, so that, if one considers a process analogous to that 
occurring in the case of cadmium, the total energy available (about 4.96 volts) 
will be such that a collision between the excited (2'P;) zinc atom and a hy- 


’ Hulthén, Ark. f. Mat., Ast. och Fys. 21B, No. 5 (1929). Although a dissociation energy 
for the ZnH molecule is listed in this article, a complete analysis of the ZnH band system has 
not been published, apparently. 
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drogen molecule can produce a zinc hydride molecule and an atom of hydro- 
gen, 


Zn(2°P,) + H.— ZnH + H. (8) 


On the other hand, the first absorption necessary to produce the red 
singlet line, which also requires two successive absorptions, is the absorption 
of the second resonance line 42139 A.U. (2'P;—1'S»), bringing the atom to 
the first excited state in the singlet system. This state has an energy of 5.77 
volts, which is far is excess of the 4.46 volts necessary to dissociate hydrogen, 
and hence collisions of zinc atoms in this state with hydrogen molecules do 
not effect a transfer of energy. The persistence of the red line demonstrates, 
in this manner, an interesting selective quenching effect due to hydrogen,in 
which only the states of the zinc atom (2°P) which have an energy very nearly 
the same as that required to dissociate the hydrogen molecule lose their 
energy by the gas collisions. The rather remarkable results of this selective 
quenching, in which emission by the 2°.S, atoms is almost entirely wiped out, 
is possible in the case of zinc because of the absence of intercombination tran- 
sitions between the singlet and triplet systems by which the 2*S, level could 
be populated from the singlet levels. 

It will be observed that the total energy available in the process of mole- 
cule building represented by Eq. (8) (about 4.96 volts) is considerably in 
excess of the required 4.46 volts, while the excitation energy of the zinc atom 
alone is not sufficient to dissociate hydrogen. Higher vibration levels that 
are yet below the dissociation level of the normal ZnH molecule may be, of 
course, the immediate end of this process, so that the total energy used will 
be more nearly the dissociation energy of hydrogen. It is evident, then, 
that the exact process of molecule building can be determined only after the 
ZnH band system has been analysed. Incidentally, this analysis should be 
aided materially by a study of the optically excited portion of the ZnH band 
system. 

MercurY HypDRIDE BANDs 


For mercury the experiment of Gaviola and Wood‘ was repeated, in 
which an ordinary water-cooled mercury arc was used as a source to illu- 
minate mercury vapor in a resonance tube. A small amount of hydrogen 
and some nitrogen gas were admitted into the resonance tube, whereupon 
very weak HgH bands appeared in the optically excited radiation. Filtering 
the exciting light through bromine vapor produced no appreciable effect on 
the bands, although it greatly reduced the intensity of the 2°S—2°P lines 
falling on the resonance tube, and hence also reduced their intensity in the 
optically excited radiation. This indicates that a population of the 25S, level 
of the mercury atom is not essential to the formation of the band spectrum. 

Since there is no hydrogen in the mercury arc, the HgH radiation from 
the resonance tube could not be a resonance phenomenon, as in the cases of 
cadmium and zinc, but must be due entirely to collisions with excited mer- 


4 Gaviola and Wood, Phil. Mag. (7) 6, 1191 (1928). 
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cury atoms. Also, the formation of the hydride molecule must be somewhat 
different in the case of mercury, since the excited 2°P; mercury atom has 
more than sufficient energy (4.86 volts) to dissociate hydrogen. A collision 
between a 2°P,; mercury atom and a hydrogen molecule, therefore, should 
produce, apparently, two hydrogen atoms and a normal mercury atom, with 
considerable excess energy to appear as kinetic energy. Even the metastable 
2°P) mercury atom has energy (4.64 volts) in excess of the dissociation energy 
of hydrogen, so that collisions between the metastable atom and a hydrogen 
molecule should also produce complete dissociation. Perhaps the atomic 
hydrogen formed by these processes combines directly with a normal mercury 
atom to form the HgH molecule. It seems reasonable to suppose that the 
effect of nitrogen, which produces a large number of metastable 2*P) atoms, 
in enhancing the HgH band spectrum is due to the indirect effect of increasing 
the concentration of atomic hydrogen. Collisions with nitrogen molecules 
will lengthen the effective life of the excited mercury atoms through trans- 
ferring them to the metastable state, thus permitting more collisions of 
excited atoms with hydrogen molecules and increasing the concentration of 
atomic hydrogen. This will increase the probability of the collision of a 
normal mercury atom with an atom of hydrogen to form an HgH molecule. 
The subsequent excitation of the HgH bands would then be produced by 
collisions of the second kind of the HgH molecules with excited mer- 
cury atoms. 

In this connection it should be particularly instructive to study the op- 
tical excitation of the HgH bands by a hydrogen-mercury electric discharge, 
which contains the HgH band radiation with great intensity, but lack of 
time prevented the execution of this project. 


CONCLUSIONS 


Optical excitation of CdH molecules by the band frequencies themselves 
produces a true resonance radiation of CdH bands. 

CdH bands are produced also through excitation of CdH molecules by 
collisions of the second kind between excited cadmium atoms and either nor- 
mal CdH molecules or He molecules. 

H, quenches the triplet portion of the optically excited Zn radiation, 
collisions with the 2°P,; zinc atoms forming ZnH molecules, but does not 
quench the singlet spectrum. 

ZnH bands are optically excited as resonance radiation. 

HgH bands are excited apparently by collisions of the second kind of 
HgH molecules with excited Hg atoms. 

To Professor A. Ellett, who suggested the present investigation and ren- 
dered valuable assistance in its execution, the writer wishes to express his 
appreciation. 
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ABSTRACT 


Theory of the isotope effect on intensities.—It is shown that there is no change 
in the electronic part of the transition probability with nuclear mass, and that the 
vibrational part is the only part that does show an effect. This effect is calculated 
on the basis of Hutchisson’s expressions for the vibrational transition probability. 
The effect of a change in nuclear mass on the population of the initial state is also 
found if this population is given by the simple Boltzmann distribution. 

Application of the theory to specific cases.—-The magnitude of the isotope effect 
is found for certain bands of O2, NO, and Cls which have been used recently to measure 
the abundance of the isotopes of these substances by means of their band spectrum. 
The effect is small, being ordinarily less than ten percent, but it can not generally be 
neglected. 


HE recent work of Babcock,'! King and Birge,? and Naudé* on the iso- 

topes of oxygen, carbon and nitrogen has opened up the question of 
whether or not the transition probability of a given line is different for two iso- 
topic molecules. The only method available at present for finding the relative 
abundance of the isotopes of these elements, a matter of great importance 
in the case of oxygen as it is used as the basis for the atomic weight scale, 
is to compare the intensities of corresponding lines from the different isotopic 
species. Giauque and Johnston‘ have suggested that at least for symmetrical 
molecules like O. and Cz it is possible that when the two component atoms 
are different isotopes the electric moment of the molecule would be greater 
than when both atoms are of the same weight, thus giving the lines of the 
unsymmetrical molecules a greater transition probability so that relative 
abundances estimated directly from intensities would be somewhat in error. 
This effect can be shown to be negligible, but obviously the whole matter 
needs discussion, and it is the purpose of the present paper to consider the 
possible effects of a difference in nuclear mass on the probabilities of transi- 
tion between molecular states so as to make a more precise correlation be- 
tween observed intensities and relative abundances possible. The isotope 
effect on the population of the initial state will also be considered for the cases 
-where this population is given by the simple Boltzmann distribution. In the 
case of emission bands there are problems of differential excitation and pos- 
sible effects of re-absorption, but as these can only be discussed in connection 


* National Research Fellow. 
1H. D. Babcock, Proc. Nat. Acad. Sci. 15, 471 (1929); Phys. Rev. 34, 540 (1929). 
2 A.S. King and R. T. Birge, Astrophys. J. July (1930). 
3S. M. Naudé, Phys. Rev. 36, 333 (1930). 
* Giauque and Johnston, Jour. Am. Chem. Soc. 51, 1436 (1929) and 51, 3528 (1929) Cf, 
esp. p. 1439. 
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with the exact arrangements of a given experiment they will not be taken up 
here. To summarize the results it turns out that for bands with low quantum 
numbers and if the difference of equilibrium nuclear separation for the two 
states is small, there will be small effects; for large quantum numbers and 
large difference in 7, there will be large effects on the intensity. These 
general results will then be applied to various actual cases. 

Since intensity measurements are most easily controlled when made on 
absorption lines we shall consider the effect of nuclear mass on absorption 
coefficients, though the results on transition probabilities can be applied 
directly to emission lines also. The effects we are looking for must be well 
over one percent to be appreciable as the accuracy of most intensity measure- 
ments is not under ten percent. However, as small corrections from different 
effects are likely to add up to give a large correction in the end, we shall 
consider all corrections which are greater than one percent. 

The absorption coefficient, a;; for the transition i—j (where 7 and j 
symbolize all the quantum numbers) is given by 


a= const. bivi;| Pi; |* (1) 


v;; is the frequency of the line, b; is the Boltzmann factor giving the popul- 
ation of the initial state and P;;= [Pal jdr, P being the electric moment of 
the molecule as a function of the coordinates of the electrons and nuclei and 
the y's are the wave functions of the two states. 

We are interested in the way in which a changes with the nuclear mass, 
so that all the factors which are independent of the nuclear mass have been 
put into the constant. v;; will vary slightly with mass, but ordinarly the iso- 
topic frequency shift is very small compared to the whole frequency so that 
the effect of this can be neglected, and we can confine our attention to P,;; 
and b;.5 

Turning to P;; we must find out first what the isotope effect on the 
W's will be. The wave function of a molecular state can be approximated 
by the product of two wave functions, yw” of which ¥’ is the wave function for 
the motion of the electrons when the nuclei are held fast and ¥” is the wave 
function for the motion of the nuclei assuming them to be bound by a force 
function equal to the total energy of the molecule for the fixed nucleus case. 
(This total energy is a function of the nuclear separation). Obviously 
¥° does not depend on the nuclear mass and so if this product is a sufficiently 
good approximation to the real wave function, we can confine our attention 
to ¥". Kronig,® on the basis of some work of Slater’? has worked out the 
coefficient of the correction term which should be added to the product yy” 
to give a more accurate expression, and he finds that it will be very small 


5 In the case of emission the intensity depends on the fourth power of »; so that the effect 
would be greater and in extreme cases might be appreciable. 

® R. de L. Kronig, Zeits. f. Physik., 50, 347 (1928) esp. p. 353 ff; I am indebted to Prof. 
E. C. Kemble for pointing out the connection between separability and perturbations. 

7 J. C. Slater, Proc. Nat. Acad. Sci. 13, 423 (1927), also Born and Oppenheimer, Ann. d. 
Physik. 84, 457 (1927). 
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(of the order of magnitude of the ratio of the electronic to the molecular 
mass) unless there is another state of a different electronic level which is 
very close to the state in question, and which can interact with it; in short, 
unless the level in question is perturbed. Consequently we may say that 
the wave function is separable to a high degree of approximation under 
ordinary circumstances and we can confine our attention to y". This means 
also that the effect suggested by Giauque and Johnston‘ will be negligible 
ordinarily, as the electronic moment will not change appreciably between 
isotopic molecules even in cases like O, which are symmetrical.® 

In discussing the isotope effect on y" we can neglect the rotational part 
of the wave function because the rotational contribution to the transition 
probability is simply a function of the angular momentum quantum num- 
bers and does not depend on the mass of the rotator so that the integrals 
involved in P;; reduce to integrals of the two vibrational wave functions 
only, and are readily calculable. 

Hutchisson!® has calculated these integrals using the wave functions of a 
simple harmonic oscillator. He considers them to be applicable only to sym- 
metrical molecules, but they are of more general applicability than he states 
as the following argument shows. We are dealing with integrals of the type 


| PUbed ;Windt 


where P and the y’’s are functions of the coordinates of the electrons and 
the nuclei; the ¥”’s depends on the nuclear coordinates only. If we integrate 
over the electronic coordinates there remains 


[ Pucvewsnar 


where k and k’ are the electronic quantum numbers of the states 7 and j 
respectively and P;,-(r) is a sort of electronic electric moment and is a func- 
tion of the nuclear coordinates, that is to say of 7, as we are considering 
vibration only. P(r) can be expanded in a Taylor’s series about some 
convenient point and the integrals calculated for each term in the series. 
Since ordinarily P;,-(r) changes with r very slowly compared to the ¥"’s and 
since it does not change very much in the region for which the W”’s are ap- 
preciable it turns out that ‘for low quantum number” the constant term 
in the expansion of P,,-(r) gives the largest contribution to the integral 
and the others can be neglected." 


§ Kronig’s calculation can be greatly simplified if it is carried through in the original 
cartesian coordinates. The Euler’s angles analysis is not necessary for this separability proof. 

® By the same reasoning we can see that the molecule O"* O'8, for instance, will have a very 
small permanent electric moment and hence the pure rotation and the vibration-rotation 
bands in the infrared will be exceedingly faint—too faint to be ordinarily detectable. 

10 Elmer Hutchisson, Phys. Rev. 36, 410 (1930). 

1 Cf. “Quantum Mechanics” Condon and Morse. McGraw-Hill 1929. p. 169 for a dis- 
cussion of this subject. The fact that higher terms in the Taylor's expansion are negligible at 
least for low quantum numbers can be verified by direct calculation quite readily. 
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This reasoning is independent of whether or not the molecule is symmetrical, 
so that Hutchisson’s formulas can be applied quite generally. 

As the formulas for the integrals in the lower states are quite simple, we 
shall reproduce them here in a notation more suited to our problem. Using 
w’ and w’’ for the frequencies of vibration in the upper and lower states 
respectively, a@=w’+w’’, B=h?/87r°I'’C (where I’’ is the moment of inertia 
of the molecule in the lower state) and ¢=(r’—r’’)/r’’ and B= (w'w’’/4Ba)&, 
they are '*"8 


2(w'w’’)!!? 1/2 
Too = (“—) cf 
w 


a” fay! aa 2( w'w’’)!/? 1/2 
To aM: fie se ee e 3 
w\B w 


> 


1 w’/2(w'w’’)!/?\!/? P wo” = "852 
Io. = 2s ey oe e 1-— ~~ + ——- 
2h? w w wB 


(w’w’’)! » 2(w’w’’ )! »y\ 1/2 ww” ce 
Ii, ree Se e 8 2 —— re 
w w wo B 


To find the isotope effect on the transition probabilities we need to find 
the effect of a change of nuclear mass on the expressions in Eq. (2). In 
calculating this we use the fact that the electronic part of the wave function 
is not affected by the nuclear mass, so that the “shape” of the nuclear binding 
potential will be the same in two isotopes. Hence ¢ is unaffected by a change 
in nuclear mass, and the w’s will vary inversely as the square root of u, the 
reduced nuclear mass. B, of course, varies inversely as uw. It is therefore a 
simple matter to see how any of the expression’s in Eq. (2) will vary with wu 
In particular if ¢ is large, so will be 8, and the exponential will vary rapidly 
with uw. Also in this case the ruling term in the polynomial will be one in 
(w/B)Y’+""? which will vary as (u)"’*"’'/*, However if ¢ is small no definite 
statement can be made about which will be the ruling term and we can only 
say that the exponential will change slowly with uw. In general, therefore, 
we would expect large effects for transitions between states whose r,’s differ 
considerably (i.e. large ¢) and for large vibrational quantum numbers, but 
this is not an exact rule and each case must be examined separately to see 
what the effect will be. It should be noted also that for very large vibrational 
quantum numbers, especially when ¢ is large also, the higher terms in the 
expansion of the electric moment will no longer make a negligible con- 
tribution to the intensity and a more general calculation will be necessary. 


(2) 


T 
| 
| 
| 


% The constants w’, w’’, B and ¢ are not necessarily w, B, and ¢,. We can go a long way 
toward taking account of the anharmonic character of the vibration by using w,, B, and ¢, 
instead. 

48 Unfortunately Hutchisson has used the wrong normalization coefficients so that the 
quantity which he calls C; should be (using his notation) C;=(2/a(1+a2))'e~®/2(' +e), 
This correction is of no importance in the calculations he makes as he is interested only in 
relative values, but where we are interested in dependence on mass it is necessary. 
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There is one other factor in the expression for a which depends on u 
and that is the Boltzmann factor b. This factor is 


~ Veneer 


b; 





(3) 


where £; is the energy of the ith state, k is the ordinary gas constant and 7 
the absolute temperature. For the rotational levels of a molecule Ex =hcBK? 
where K is the rotational quantum number (we do not need to bother about 
the refinement of using K(K-+1) in this case) and B has the same signifi- 
cance as in Eq. (2). Since AcB is small compared to kT, the denominator 
of Eq. (3) can be considered as the integral fe~"®**""dK and so we can 
readily evaluate the rate of change of bx with uw, getting 


1 dbx _B he 1 \Au 
1 digs (mt HY ‘ 
be dp T k 2/ up 


For low rotational quantum numbers the first term in the parenthesis is 
small at ordinary temperatures so that the effect of u on the population of 
the state will be one half the percentage change in uw. For lower temperatures 
or higher quantum numbers the effect will be smaller than this as shown by 
Eq. (4). 

For the case of vibration the energy difference between successive levels 
is large and if the temperature is not too high, practically all of the molecules 
will be in the lowest state, in which case the summation in the denominator 
can be replaced by the first term of the sum only. In this case E, =hw,(v+}) 


so that we have 
1 db, w, he Ap 
— —Ap =?- = (5) 
b. dp T k Qp 








where v is the vibrational quantum number. 

It is evident from this formula that there will be no isotope effect on the 
population of the lowest state (v=0), but there will be an effect on the popu- 
lation of higher states. It should be emphasized, however, that this formula 
can be applied only when the population of the excited states is absolutely 
negligible compared to that of the normal state. If this condition is not 
fulfilled the calculation is more elaborate. 

Having discussed the possible sources of isotope effect on intensities we 
now turn to actual cases to apply our results. 

In the case of oxygen, the measurements of abundance so far made are 
those of Babcock! on the atmospheric bands of O, and of Naudé* on the 
y bands of NO. Babcock measured a number of individual lines in the 0-0 
band and found the intensity ratio to be one in 1250, but he does not give 
a probable error. However we may safely assume it to be over ten percent. 
For these bands the quantity ¢ is very small indeed and a simple calculation 
using the first formula of Eq. (2) shows that the transition probability for 
the O'%80!8 molecule does not differ by more than 0.2 percent from that 
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for (O'*),. As the bands were due to transitions from the lowest vibrational 
state there is no correction due to the vibrational Boltzmann factor, but 
the lines with low rotational quantum number will show an effect due to 
the rotational Boltzmann factor. This turns out to be about 2 percent for 
the lowest lines, but as Babcock used quite a number of lines for his measure- 
ment the average effect for all the lines will be less than this, so that, in view 
of the size of the experimental error, we can neglect the correction." 

Naudé’s abundance estimate is based on the relative intensity of heads 
from the 1-0 band of the y system of NO observed in absorption. The resolu- 
tion was not sufficient to separate the lines so that they could be worked 
with separately, but the intensity of the heads as a whole was measured. 
A maximum error of about ten percent is given. In this case a calculation 
based on the second equation of Eqs. (2) shows that the transition proba- 
bility for N“O!8 is less than that for N“O!* by two percent. The rotational 
Boltzmann factor correction for the P; heads can be readily calculated from 
Eq. (4) using 8=1.70 and K=11 for the quantum number of the lines at 
the head,'® and a correction of 2.7 percent is found in the opposite direction 
to that for the transition probability. As the two corrections cancel, it is 
evident that the intensity ratio gives the abundances directly. 

The work of King and Birge® on carbon has not resulted in any numer- 
ical value of the abundance of the new isotope; in fact they report very 
anomalous behavior of the intensities which is as yet quite unexplained. 
There is therefore no point in calculating a numerical correction, but it 
can be said that the correction for the 0-1 band of the Swan system, which 
they have used so far, would be about one percent. 

We now turn to the case of chlorine. Elliott!’ has measured the intensity 
ratio of lines from the molecules Cl** Cl? and (Cl®*). and has found a ratio 
different from that obtained from chemical data. The bands he has used are 
the 1-12, 2-12 and 2-6 bands in the visible absorption spectrum of Cle, 
and his figure for the relative intensity is 1.40,!§ whereas the chemical atomic 
weight in conjunction with the known weight of the two isotopes,'”? shows 
that the relative abundance of the two types of molecules is 1.59 leaving a 
discrepancy of 14 percent. Now chlorine is a case where we would expect 
a large isotope effect because of the large difference in r, for the two states, 
and a calculation based on Hutchisson’s results for the 2-6 band shows that 
the transition probability is different by 19 percent in the two kinds of 


4 In this case there is no question of the levels being perturbed by being near other levels. 
Babcock’s analysis of the band shows that. C.f. also Dieke and Babcock, Proc. Nat. Acad. 
Sci. 13, 670 (1927). 

'* One might expect perturbations in this band because it lies on top of the 1—0 8 band, 
but no perturbations have been found (Jenkins and Rosenthal, Proc. Nat. Acad. Sci. 15, 382 
(1929)) so that we can be pretty sure there will be no trouble about separability in this case. 

6 C.f. R. Schmid, Zeits. f. Physik. 64, 84 (1930). 

17 A, Elliott, Proc. Roy. Soc. A123, 629 (1929) and A127, 638 (1930) also Nature 126, 
133 (1930). 

18 Elliott corrects his measured ratio (1.35) to allow for the maximum possible effect of 
overlapping lines. 1.40 is obtained by using one half of that correction. 
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molecules. In applying Hutchisson’s results to this transition a consider- 
able simplification is possible because as ¢ is fairly large, only one of the terms 
in the summation is appreciable. Further, this calculation was carried out 
using 7, and w, rather than 7, and w,. The 6th state of the upper level is 
markedly anharmonic and so it seemed of interest to carry out the calcula- 


tion of the electric moment matrix using Morse’s'® wave function for the 
upper state and the harmonic wave function for the lower state. The calcula- 
tion in this fashion is fairly long-winded but the result is similar to that from 
the harmonic analysis, the isotope correction to the transition probability 
being 15 percent. No attempt was made to calculate the corrections for 
the 1-12 or the 2-12 transition, but they will probably be of the same general 
magnitude as that for the 2—6 transition. Since the bands were due to transi- 
tions from the 2nd level we should look to the vibrational Boltzmann factor 
for an effect, and a simple calculation shows that the heavier molecule 
will have 7 percent greater probability of being in the second state than the 
This is in the opposite direction from the 15 percent found for 
the difference of transition probabilities so the correction to Elliott’s abun- 


light one.*' 


dance ratio is 8 percent, making the corrected figure 1.29, which differs from 
the chemical value by 22 percent. It is not possible to say whether or not 
this discrepancy is within the experimental error of the measurements as 
Elliott does not give an estimate of his error, but it seems larger than one 
would expect. 

In this connection it is interesting to note that Meyer and Levin* meas- 
ured the relative abundance of the chlorine isotopes from the infrared bands 
of HCl and obtained good agreement with the chemical value. The intensity 
ratio needs no correction in this case as the difference in uw between the two 
kinds of molecules is only a few tenths of one percent, and the probable 
experimental error is about twenty percent. 

There are many other cases where bands due to two or more isotopic 
molecules have been observed, but, as in most of these cases the chief interest 
is in frequencies, the intensities are only estimated from the plates by eye 
and there is no point in applying the comparatively small isotope correc- 
tion to these results. 


1? P.M. Morse, Phys. Rev. 34, 57 (1929). 

*0 The rotational Boltzmann factor correction will be negligible in this case, because lines 
with relatively large rotational quantum numbers were used. 

C.F. Meyer and A. A. Levin, Phys. Rev. 34, 44 (1929), 
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ABSTRACT 

The ultraviolet light theory of aurorae and magnetic storms, Phys. Rev. 33, 412 
(1929), 34, 344 (1929), did not agree with all the facts. Making use of the further de- 
velopment of the theory of the outer atmosphere, Phys. Rev. 34, 1167 (1929), 35, 240 
(1930), the discrepancies in the ultraviolet theory are removed with no change in the 
original assumptions. The first phase of the average world-wide magnetic storm is 
attributed to the sudden increase in the eastward ion drift current which girdles 
the earth caused by an increase in the long free path ions produced by a solar ultra- 
violet flare. The second phase of the storm comes about from the heating of the high 
atmosphere by the flare. The atmosphere expands and the outward movement of the 
ionized regions across the earth’s magnetic field gives rise to a westward current in 
the high atmosphere flowing around the earth. The movement also decreases the long 
free path ions and increases the short free path ions; this prolongs the westward 
current. 

Assuming that the earth has no excess charge the high flying ions distilled from 
low latitudes fall into the top of the atmosphere of the auroral latitudes in maximum 
numbers at about 1 p.m. It takes them until about 6 p.m. to fall by diffusion and 
electrical drift down to the short free path levels at 100 km. They set up a system 
of electrical currents in the high atmosphere wheeling in a rather distorted course 
around a focus at about 6 P.M. in latitude 60° to 70°, one system in the arctic and one 
in the antarctic. The current systems give rise to the diurnal variations of the average 
world-wide magnetic storm. If the earth has a resultant charge in excess of about 50 
coulombs the present theory would probably be untenable, or would require ex- 
tensive modification. 

The lower limits of the long and short free path ion banks of the polar at mosphere 
agree, respectively, with the observed lower boundaries of the streamers and the 
structureless luminosity of the aurora 


1. INTRODUCTION 
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HE ultraviolet light theory of aurorae and magnetic storms,’ which was 
sketched out last year, was found to agree with the main features of the 


* Published with the permission of the Navy Department. 
! Maris and Hulburt, Phys. Rev. 33, 412 (1929). 
? Hulburt, Phys. Rev. 34, 1167 (1929). 
3’ Hulburt, Phys. Rev. 35, 240 (1930). 
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phenomena. However, the theory contained some unsettled points and did 
not agree with certain details of the observations. 
ficult to know where the trouble lay. The further development of the theory 
of the high atmosphere?* has permitted a clearer insight into the actions 
which occur there and, as shown in the present paper, has removed some of 
the discrepancies which existed in the ultraviolet light storm theory. 
that the theory without any changes in the original assumptions begins to 
assume a more finished appearance. 


At the time it was dif- 


So 




















AURORAE AND MAGNETIC STORMS 


2. THE WORLD-WIDE MAGNETIC STORM 


During the average world-wide magnetic storm the horizontal component 
H, of the earth’s magnetic field H increases quickly for a few minutes or 
a half-hour, the initial phase, and then in a few hours decreases to a value 
below normal returning gradually to normal in a day or so, the final phase. 
The vertical component [2 experiences the opposite series of changes, first 
decreasing quickly then increasing to a value above normal and descending 
to its normal value slowly. (See the curves of Fig. 3, ref. 1.) The ultraviolet 
light theory attributed the initial phase of the storm to the eastward ion 
drift currents in the high atmosphere arising from a sudden increase in the 
ionization above 150 km levels caused by a sudden flare of ultraviolet light 
from the sun. The theory suggested that the final phase of the storm was 
due to the reaction of induced currents in the earth. Such a reaction would 
cause changes in agreement with those observed for /Z, but not for He. It 
is now seen that all of the average storm variations of H, and HH, are attribut- 
able to effects in the high atmosphere and that the earth currents are of 
secondary importance. Chapman‘ in a recent criticism has dwelt upon the 
discrepancy which existed in the case of Hz. The difficulty lay, however, in 
the fact that we used Chapman's, value of the earth’s conductivity to esti- 
mate the induced earth currents, and with his value the earth currents could 
not be neglected. It has turned out, see section 3, that his value is probably 
widely in error. 

It was shown? that during solar quiescence there is a steady current of 
about 310° amperes flowing eastward around the earth in the high atmos- 
phere which produces a northward magnetic field of about 400y (y is 10-5 
gauss) at the equator in agreement with the observed value 450y of the field 
of external origin. The current is due to the magnetic gravitational drift 
of the long free path ions. Over the daylight hemisphere the 3 x 10° ampere 
current is made up of an eastward current sheet of about 12 x 10° amperes in 
the long free path ion region, the D region, and a westward current sheet of 
9 x 10° amperes in the underlying short free path ion region, the S region. The 
height zs. above sea-level of the boundary between the D and S regions is at 
about 150 km at equinoxial noon at the equator. In the night hemisphere 
the current flows eastward in both the D and S regions and amounts to 3 x 10° 
amperes. The ultraviolet flare may be expected in general to increase the 
ionization in both the D and S regions, although different flares may increase 
the D and the S ions by different amounts. An increase in the D ions results 
in an increase in the eastward current in the daylight D region and hence 
in the 310° ampere current which girdles the earth. //, then increases and 
I, decreases as in the first phase of the storm. An increase in the daylight 
S ions causes an increase in the electrical conductivity of the daylight S re- 
gion and hence an increase in the westward daylight S current. This reduces 
the eastward 310° ampere current and therefore amounts to a westward 


* Chapman, Monthly Notices Roy. Ast. Soc., Geophys. Sup. 2, 296 (1930). 
§ Chapman, Phil. Trans. A218, 1 (1919). 
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storm current girdling the earth; //,; is reduced and Hz is increased, as in the 
second phase of the storm. 

There is an additional effect which is common to all types of flares, namely 
a heating of the high atmosphere above the, say, 50 km level. The heating 
may be due to a direct absorption of the energy of certain wave-lengths in 
the spectrum of the flare or may come about directly. For example, the 
ionization produced at high levels descends to lower levels where recombina- 
tion takes place and the energy of recombination heats the atmosphere. The 
heating causes an outward expansion of the upper atmosphere which has 
already been calculated for a particular case.! Evidence of the expansion is 
afforded by experiments with pulses of wireless signals which indicated that 
the ionized layers are lifted up during a magnetic storm.'! The expansion of 
the atmosphere produces two reactions, a “dynamo” effect and an “‘engulf- 
ing” effect. The dynamo effect is the result of the movement of the S region 
across the earth’s magnetic field, and is a maximum in tropical latitudes 
where // is approximately horizontal. An upward motion of the daytime S 
region gives rise to an induced westward electric field and therefore causes a 
westward current flowing around the earth; this reduces JJ;. An upward 
velocity of 25 km hr~! of the S region reduces J7, by about 250y at the equa- 
tor, the case of an intense storm (ref. 2, section 30). The engulfing effect, 
also a maximum in tropical latitudes, depends on the fact that where H is 
approximately horizontal the D ions can only move a short distance across 
IT between collisions and are therefore hindered from moving upward freely 
with the neutral particles of the expanding atmosphere. Thus, after the 
initiation of the storm, the D ions near the z, level find themselves in a mount- 
ing tide of air molecules; their free paths are shortened and they become S$ 
ions. Since the D ions experience many collisions before being lost by re- 
combination (ref. 2, section 29), the daylight S ions are increased at the ex- 
pense of the D ions with a consequent effective westward storm current. 

We may picture the sequence of events in the average world wide storm 
as follows: the solar flare by its ionizing energy first increases the D ions, in- 
creasing JJ, to a value above normal, as in the initial phase of the storm. In 
the second phase the heating effects of the flare make themselves felt, the 
high atmosphere expands, the ionized layers move upward and //,; decreases 
for a few hours. When the layers cease their upward movement /7, would 
increase to its previous value above normal were it not for the fact that in the 
meantime the engulfing effect has reduced the D ions, so that actually H; 
increases to some value below normal. Thereafter H; increases slowly to its 
normal value as the flare dies away, the storm ionization diminishes and the 
atmosphere settles down to its quiet day condition. Magnetic storms in 
which the initial phase is not pronounced, or is absent altogether, and which 
therefore consist only of the second phase, are fairly common. In these cases 
we may suppose that the flare emits mainly energy which heats the high 
atmosphere and produces S ionization without much D ionization. Storms 
made up only of the first phase are rare. Such a storm would be produced by 
a flare which gave rise to D ionization with little S ionization or heating; this 
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would seem to require a flare with unusual spectral characteristics. The fact 
that in general the most intense storms are of short duration is in keeping 
with the present theory because the more rapid the outward expansion of the 
atmosphere the greater is the induced westward current, due to dynamo ac- 
tion, in the second phase of the storm. 

The intensity of the world-wide storm is a maximum at the equator, de- 
creases with increasing latitude to a minimum at about 50° or 60° north or 
south, and then increases in the auroral zones around 70°. These facts find a 
simple explanation on the ultraviolet theory. The eastward storm current of 
the first phase of the storm has already been shown to be a maximum at the 
equator (ref. 1, section 13). With regard to the westward current during 
the second phase of the storm we note that the magnetic field 7 is horizontal 
at the equator and tilts up with increasing latitude; H/ is inclined 49°, 70° 
and 90° to the horizontal at magnetic latitudes 30°, 60° and 90° respectively. 
Therefore the dynamo effect in the S region and the engulfing of the D ions 
by the heated and expanding atmosphere are a maximum at the equator and 
fall off rapidly with increasing latitude. Hence the westward storm current 
is a maximum at the equator. The auroral latitudes receive a double contri- 
bution of ionization, that produced directly by the solar flare and that which 
distills in from the lower latitudes (see curve 2, Fig. 1). Therefore the storm 
effects will increase again at the high latitudes. It is hardly necessary to 
mention, what we have often stated before, that a complete theory would 
probable consider the winds which flow from the daylight to the night areas. 
In the high atmosphere the winds may be very rapid, especia!ly during a 
magnetic storm and their effects may be important. 


3. THE INDUCED CURRENTS IN THE EARTH 


The electrical currents in the high atmosphere to which the present theory 
attributes the average world-wide storm variations in JJ will induce currents 
in the earth. From certain facts of the quiet day diurnal variations in H 
Chapman,’ following the method of Schuster, has calculated the resistivity 
p of the core of the earth to be 2.5 X10" e.m.u. the calculation was based on 
the assumption that p was constant throughout the earth, except of course 
for an outer crust of higher resistivity. The assumption was obviously 
faulty, and Gunn® has recently shown that the method gives no exact in- 
formation about p in the core of the earth. We can go a step farther and show 
that the value 2.510" is untenable. The relaxation time 7 for the current 
in a circuit of inductance L and total resistance R to fall to 1/e’th of its value 
is 


r= L/R. (1) 


The inductance of the earth’ is 7.8108 e.m.u. and with p=2.5X10" R 
is about 10‘ e.m.u. From (2) t=22 hours, which is roughly the duration of 
the westward atmospheric current during an average magnetic storm. 


§ Gunn, Terr. Mag. and Atmos. Elec. 35, September (1930). 
7 Lamb, Phil. Trans. 174, 519 (1883). 
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Therefore there would be a westward current induced in the earth after the 
westward atmospheric storm current dies away which would cause certain 
variations in //; it would reverse the storm decrease in J/7, and maintain the 
storm increase in JJ... Such variations are not observed and therefore p 
can not be 2.5 X10" in the earth’s core. Because the core is hot it is reason- 
able to think that p is much less than 2.510". In such a case, taking into 
account “skin effect” calculated from the usual formula,’ the relaxation time 
will be much longer than 22 hours and the induced reactions in the core would 
be negligible for periods of the order of a day or less. 

The effects of the induced reactions in the oceans are probably appreci- 
able. The current will flow in large loops. With a loop about 30,000 km 
around, 10,000 km wide and 5 km thick, as might occur in the South Pacific 
Ocean, and with p=2 X10! e.m.u. for sea water 7 is about an hour, probably 
an over-estimate. Thus if the atmospheric currents undergo fluctuations of 
periods of an hour or so, as they often do, the ocean reactions may be pro- 
nounced. To work out the effects to be expected at any magnetic observatory 
due to the neighboring oceans promises to be complicated and we shall not 
go farther with the problem at this time. It may require a careful scrutiny 
of the data of magnetic observatories scattered over the earth. For earth 
girdling currents in the S region of the atmosphere 7 is about 20 minutes. 


4, DruRNAL MAGNETIC STORM VARIATIONS 


The diurnal magnetic storm change in JJ varies with the local time of 
the observing station according to the curves of Fig. 4, ref. 1. By mistake 
curve 5 of the figure was drawn reversed; it should be similar to curve 4. 
The diurnal storm variation was ascribed to the influence of high flying ions 
distilled into the auroral regions from the lower latitudes. Neutral atoms 
and molecules were assumed to be sprayed out from the outer fringe of the 
atmosphere to distances as great as 50,000 km where they were ionized by 
the ultraviolet light of the sun. The ions in their descent back to the earth 
were guided by the magnetic field and accumulated in the auroral zones 
in the afternoon. By their diamagnetism they caused changes in the 
earth’s magnetic field. The calculated changes agreed with most of the curves 
of Fig. 4, ref. 1, but not with all of them. Now that more is known about 
the conductivity of the upper atmosphere®* we see that the diamagnetism 
is not as important as the gravitational magnetic drift currents of the 
auroral ion concentration. As shown later, the magnetic effects of these 
currents agree with all of the facts as embodied in the curves of Fig. 4. 
In order, however, to calculate the magnetic effects we must examine in 
detail the course of the high flying ions in their descent into the atmosphere 
of the auroral regions. 

The number of fast moving neutral particles sprayed away from the outer 
regions of the sunlit atmosphere in a direction 6 was assumed to be pro- 
portional to cos6@, where @ is the angle with the line joining the earth and the 


§ Jeans, Electricity and Magnetism, page 479 (1925). 
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sun.' Therefore, if the earth did not rotate on its axis and had no excess 
electrical charge, the ion concentration in the auroral latitudes from 60° to 70° 
magnetic produced by the high flying ions would be a maximum at noon. 
The earth does rotate, however, and we shall assume as was done throughout 
the earlier papers that the earth is uncharged as a whole. For this case 
Page® has shown that ions beyond an earth’s radius away from the outer 
atmosphere move along the lines of the earth’s magnetic field without being 
influenced by the earth’s rotation; that is, their paths are practically the same 
whether the earth rotates or not. Ions at nearer distances begin to partake 
of the earth’s rotation until in the atmosphere they move with the full 
rotational velocity of the earth. (I pointed out!® that the effect of collisions 
between long free path ions and neutral molecules of the atmosphere might 
modify Page’s calculation, but Page'! showed that the effect could be in- 
cluded in those which he had already discussed® on page 830). From Page’s® 
equation (16) it is seen that high flying ions formed on the noon meridian at 
heights around 30,000 to 50,000 km fall into the auroral zones at about 1 P.M. 

Therefore g, the number of high flying ion pairs which descend per cm? 
per sec into the top of the atmosphere of the auroral zones is a maximum at 
about 1 P.M. and falls off roughly with the cosine of the longitude from the 
1 P.M. meridian. g was estimated to be 3X10’ ion pairs cm~ sec™ (ref. 1, 
page 421) during solar quiescence, probably a low estimate. During the 
magnetic storm g is greater than 3X10? and during the hours that the solar 
flare is most active we assume g to be 2X10". We take the daytime molec- 
ular densities in the high atmosphere of the auroral latitudes to be the same 
as those given by Maris” for a summer night in temperate latitudes. At any 
height s the molecular density is given by" 


nN = Noe~??, (2) 


where p= 1.41 X10-*. The 2X10" ion pairs are probably positive ions and 
electrons. They fall freely along the lines of the earth’s magnetic field into 
the atmosphere of the auroral zones and continue to descend through the 
atmosphere by temperature diffusion and electric-magnetic drift.2 Cal- 
culating the temperature diffusion by the method of a former paper, ref. 13, 
page 1027, we find that the electrons form a bank with a maximum density at 
about 160 km. Below 160 km the electrons become attached rapidly to 
oxygen molecules to form negative oxygen molecular ions. The recombination 
of the electrons with positive ions is small compared to the attachment, and 
therefore the region above 160 km is a source of 2X10" ion pairs. These 
form an ion bank as given by the y, z curve 1, Fig. 1. The maximum value of 
y is 2.35 10° at s=130 km. 1.23 X10" ion pairs cm~ sec~! move downward 
across the 130 km level (calculated by equation (3), ref. 13) and therefore 


® Page, Phys. Rev. 33, 823 (1929), equation (16). 

1 Hulburt, Phys. Rev. 35, 1587 (1930). 

"' Page, Phys. Rev. 36, 601 (1930). 

® Maris, Terr. Mag. and Atmos. Elec. 33, 233 (1928); 34, 45 (1929). 
'S Hulburt, Phys. Rev. 31, 1018 (1928). 
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their downward velocity is 1.23 x 10''+2.35 X10*=52 cm sec™!. Since the 
loss of ions by recombination is small above z= 130 km the downward diffus- 
ion velocity of the ions in these levels is proportional to 1/y. In particular, 
the velocity is 250 cm sec~! at s=140 km. The electric-magnetic drift velocity 
v, which is downward in the day hemisphere, has about this same value 
(section 27 and column 9 of Table 1, ref. 2) throughout the D ion region, 
i.e. above s.=110 km. Therefore the y,z curve 1, Fig. 1, which has been 
calculated using gravity diffusion is approximately correct for z greater than 
about 135 km. Below this level the drift velocity v is more important than 
temperature diffusion, and hence from 135 km down to sz. we calculate the 
y,z curve by means of equation (16), ref. 2. This gives curve 2, Fig. 1. 
Below zs. temperature diffusion is important again, and the curve is found to 
fall to low values of y below z=100 km. 
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Fig. 1. lon density y in auroral latitudes; curve 3 for noon on a quiet day, 
curve 2 the additional ions at about 6 P.M. during a magnetic storm. 


Curve 2, Fig. 1, is approximately the ion bank which would be produced 
by 210" ions cm~ sec! falling down into the atmosphere of the auroral 
zones and represents the increase in the ionization during a magnetic storm. 
However, the curve is not entirely correct, the values of y below s=125 km 
being about twice as great as they should be, for two general approximations 
have entered into the calculations. In the first place we have determined the 
storm curve disregarding the ionization which was already present. The 
quiet day ionization at noon is given in curve 3, Fig. 2. This is the y,z curve 
of Fig. 2(c), ref. 2, with the ordinates lowered to accord with the 7,2 curve of 
equation (2). Since the rate of ionic recombination is proportional to y? 
(equations (7) and (9), ref. 13), it comes out that the storm ions produced 
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by g=2 X10" which are added to the quiet day ions of curve 3, Fig. 1 are 
only about % of the ions of curve 2, Fig. 1, in the region below 125 km. In the 
second place curve 2 is a steady state solution; it is the ion curve which would 
be formed if the rate of supply qg persisted long enough. D, the total number 
of ion pairs in a 1 cm? column vertically upward through the ion bank of 
curve 2, is 2.6X10% With g=2X10" it would take 1.310‘ sec or 3.6 
hours to build up the ion bank, if there were no lossess; there are losses of 
course due to recombination. The solar flare may not persist at full intensity 
for this length of time. Or even if it did, g is not a constant, because of the 
rotation of the earth, and varies with the hour angle from 1 p.m. Thus a 
steady state may never be attained during the magnetic storm. 

In spite of the numerous approximations we take curve 2, Fig. 1, as giving 
a rough idea of the storm ionization in auroral latitudes at 6 P.M. The total 
time for the ions to descend from the top of the atmosphere at about z= 200 
km to the zs, level at 110 km is 4 or 5 hours. Since g is a maximum at 1 P.M. 
the ion density at s. is a maximum at 5 or 6 P.M. The magnetic-gravitational 


sunrise Cy) sunset 


noon 


Fig. 2. Theoretical currents in the high atmosphere which cause the diurnal magnetic 
storm variations. View looking down on the North Pele. Aurorae and magnetic storms. 


drift current '? of the D ions is eastward. The current is connected to the 
Sion region by the D ions which descend across z, and the circuit is completed 
in the S region. Using the values of the electrical conductivity ¢ in the S 
region (Fig. 2, ref. 3), the lines of current flow are as sketched in Fig. 2; 
the figure is a view looking down on the North Pole of the earth. This current 
system causes changes in the earth's magnetic field in entire agreement with 
the observed diurnal magnetic storm variations in 17. With D=2.6x10" 
the ion drift current density is 3.7X10-° and 8.5 X10-* e.m.u. for atomic 
nitrogen and molecular oxygen ions, respectively (ref. 2, section 13), and the 
respective values of JJ; are 23 and 52y. These values agree with the ob- 
served values which are around 40y for an average storm. 


5. THE AURORA 
The ion storm curve 2, Fig. 1, leads to an explanation of some details 
of the aurora. It is the energy of these ions which gives rise to the strong 
auroral displays accompanying magnetic storms. These intense displays 
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occur usually in the evening hours in auroral latitudes.'* Vegard, Krogness, 
Stérmer and others'® found that the lower limit of the auroral streamers 
was at about 100 km and of the clouds and diffuse arcs and draperies was 
at about 85 km. The sz. level of curve 2, Fig. 1, is at 110 km and if, instead 
of Maris’ »,s curve for summer night which we have used to refer roughly 
to arctic day conditions, we use his 7,2 curve for winter night conditions, 
the ion curve 2 should be lowered about 10 km. This puts the night s, 
level at 100 km. In the D region above s,. the free path of the ions is large 
compared to the radius of magnetic gyration. Therefore groups of D ions 
are guided by and outline the earth’s magnetic field to form the auroral 
streamers. Below zs. the guidance of the magnetic field is lost, the streamers 
end at 100 km, and the luminosity in the S region is structureless. The S 
ionization falls to low values at about 10 km below s, in accord with the ob- 
served lower boundary of the structureless luminosity at about 85 km. Al- 
together the agreement between the theory and the details of the aurora 
seems very striking. 


6. Thre BEARING OF THE ULTRAVIOLET LIGHT THEORY 
ON THE CHARGE ON THE EARTH 


In general the theory of the ionization of the high atmosphere by solar 
ultraviolet light, and in particular those portions of the ultraviolet light 
theory of aurorae and magnetic storms which depend upon atmospheric ions 
flying at distances up to 70,000 km from the earth, and the recent theory of 
the zodiacal light'® would be disturbed by appreciable electric fields in the 
high atmosphere. Page® showed that an excess charge on the earth of 72 cou- 
lombs would, if distributed in a certain way, give rise to an electric field 
which together with the earth’s magnetic field would cause the high flying 
ions to swing around with the rotational velocity of the earth. They would 
then cause effects contrary to the experimental facts. \We may conclude that 
if the total excess charge on the earth were greater than, say 50 coulombs, the 
ultraviolet light theories would be untenable, or would require considerable 
modification. 

The earth, however, is observed to have a negative charge of about 10° 
coulombs; there is a positive electric gradient outward from the earth and an 
outflowing current of negative electricity in the air around us which, totalled 
over the earth, amounts to about 1400 amperes. The assumption of an earth 
electrically neutral as a whole was reconciled with these terrestrial electrical 
phenomena through the thunderstorm theory of C. T. R. Wilson.'? Wilson 
suggested, and obtained some experimental evidence in favor of his views, 
that the outflowing negative current is returned to the earth by thunder 


'* Mawson, Australasian Antarctic Expedition 1911-14, Scientific Reports, Series B, Vol. 
2, page 173 (1925). 

46 Wien Harms, Handb. d. Exp. Phys. 25, 392 (1928). 

‘6 Hulburt, Phys. Rev. 35, 1089 (1930). 

17 Wilson, Trans. Roy. Soc. 221, 73 (1921); Proc. Phys. Soc. London, 37, 32D (1925); 
Nature 119, 502 (1927); Franklin Inst. Jr. 208, 1 (1929); etc. 
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clouds. Therefore we assumed (ref. 13, page 1022) that there was a positive 
charge in the atmosphere below, say 50 km equal to the negative charge on 
the earth, and approximately no excess charge and no electric field in the 
high atmosphere. W. Anderson’s'® recent theory of the earth’s negative 
charge assumed that positive electricity is continually annihilated in the 
earth thereby supplying the earth with the negative electricity necessary to 
maintain the observed negative charge and outflowing negative current. 
The theory apparently holds that the earth has an excess negative charge 
of something like 105 coulombs and that there is a strong electric field in the 
high atmosphere. It is seen that the ultraviolet light theory and Anderson’s 
theory are based on conflicting assumptions and can not both be upheld 
at the same time. 


18 Anderson, Zeits. f. Physik 42, 475 (1927); 44, 376 (1927). 
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ABSTRACT 


The dielectric constant of ammonia has been measured over a wide range of 
density at several temperatures. The Clausius-Mosotti function (e—1)1/(e+2) was 
found to increase with increasing density. At the lower densities it was adequately 
represented by the following formula 

<-1 .. 4eNpo 1 


e+2 7 3 1—Xp 





where fy» is the molecular polarizability, p the density, and \ a constant expressible in 
terms of the equation of state constants, A and 6, as 


327? p.? N? a 4 1A ) 
456 3 bRT’* 
Previous measurements of the dielectric constant of carbon dioxide are further dis- 


cussed. 


HE correlation of the molecular structure of a substance with its dielec- 

tric constant depends upon a knowledge of the average internal field 
effective in polarizing a molecule. A calculation of the internal field by the 
cavity method! leads to the Clausius-Mosotti equation 


‘> l. 4rV (1 
—l" = ——p, ) 
e+ 2 3 P 


where ¢ is the dielectric constant, V the molal volume, and N the Losch- 
midt number. 

The molecular polarizability, po, for weak fields and moderately high 
temperatures is given by 


mM 
Po = a _ BAT R (2) 
OR 


Here a is the sum of the electronic and atomic polarizabilities, u the per- 


* National Research Fellow. 

** Contribution No. 252. 

1 Lorentz, Theory of Electrons, p. 305 (1923). In this method a spherical cavity is excised 
around a selected molecule in the dielectric. Under the assumption that the remainder of the 
dielectric is continuously polarized, the field acting at the center of the selected molecule is 
calculated as arising from an hypothetical surface charge on the interior of the cavity and on the 
outer boundary of the dielectric. Such an analysis appears highly artificial since in a region 
of molecular dimensions it is not justifiable to treat the dielectric outside the selected molecule 
asa continuum of polarized medium. Moreover, the influence of the fluctuations in the internal 
field, associated with the thermal motion of the surrounding molecules is completely ignored. 
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manent electric moment of the molecule, & Boltzmann’s constant, and 7’ 
the absolute temperature. 

Although the Clausius-Mosotti relation has received adequate empirical 
confirmation in the case of gases at low pressures, its validity for more dense 
substances is open to some question. Recent measurements of the dielectric 
constant of carbon dioxide over a wide range of density’ lead to the conclu- 
sion either that there exists a small deviation from the Clausius-Mosotti 
relation or that the molecular polarizability of carbon dioxide increases 
slowly with the density. The fact that the Clausius-Mosotti function shows 
itself independent of the temperature makes the existence of a dipole form 
of the carbon dioxide molecule in an appreciable proportion, extremely im- 
probable. In the present article measurements of the dielectric constant 
of ammonia under similar conditions of temperature and density will be 
presented. The fact that the ammonia molecule is known to possess a per- 
manent dipole makes these results of particular importance in supplementing 
the previous investigation on carbon dioxide. 


EXPERIMENTAL RESULTS 


The apparatus employed in the measurements has been previously de- 
scribed.?- Except ina few minor details it was identical with that used in the 
measurement of the dielectric constant of carbon dioxide. 

Ammonia from a commercial cylinder was purified by distillation and 
dried by allowing it to stand over metallic sodium for several months. It 
was afterwards slowly distilled into a steel reservoir in a_ pressure line of 
which the gas condenser was a part. Measurements were made at 100° 
125°, 150°, and 175°C. The results are listed in the accompanying tables. 

The ammonia densities were obtained from the pressure-volume-tempera- 
ture measurements of Beattie and Lawrence.* 

The Clausius-Mosotti function, («—1)V/(e+2), has been plotted against 
density in Fig. 1. It will be observed that the curves for the different tem- 
peratures ascend slowly with decreasing slope as the density increases. The 
form of each of the curves is similar to that of the single curve obtained from 
the measurements on carbon dioxide at various temperatures, although the 
deviations from the lines 


—V = f(T) (2a) 
e+ 
are relatively much greater. 

By extrapolation, the limiting values of the Clausius-Mosotti function 
at zero density were obtained. According to Eq. (1), undoubtedly valid in 
this limiting case. 

e-1_ 4dr hays” 

—VT = —NaT+- : (3) 

e+2 3 Ok 


2 F. G. Keyes and J. G. Kirkwood, Phys. Rev. 36, 754 (1930), 
3 J. A. Beattie and C. K. Lawrence, J.A.C.S. 52, 6 (1930). 
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TABLE |. The dielectric constant of ammonta at 100°. 









































Pressure e—1 Molal volume Density e—1, 
(atm.) (cc) (mols /liter) «+2 
20 0.0940 1385 0.72 42.07 
25 .1230 1076 0.93 42.37 
30 .1538 867 1.15 42.28 
35 .1890 718 1.39 42.55 
40 .2277 605 1.65 42.68 
45 2723 514 1.95 42.77 
50 .3241 441 2.27 43.00 
55 .3867 377 2.65 43.05 
TABLE II. The dielectric constant of ammonia at 125 
Pressure e—1 Molal volume Density e—l). 
(atm.) (cc) (Mols, liter) e+2 
20 0.0822 1512 0.66 40.32 
30 1318 9606 1.04 40.65 
40 . 1892 689 1.45 40.88 
50 2568 521 1.92 41.08 
00 3381 406 2.40 41.12 
70 4396 322 2.88 41.15 
TABLE III. The dielectric constant of ammonia at 150°. 
Pressure e—1 Molal volume Density e=3 V 
(atm.) (cc) (mols/liter) «e+2 
20 0.0713 1636 0.61 37.98 
30 .1125 1055 0.95 38.13 
40 .1584 763 1.31 38.28 
50 .2101 587 1.70 38.42 
60 .2621 479 2.09 38.50 
70 .3381 383 2.61 38.81 
80 .4203 318 3.14 39.08 
90 .5170 266 3.76 39.14 
100 .6382 223 4.48 39.12 
TABLE IV. The dielectric constant of ammonia at 175°. 
Pressure e—1 Molal volume Density e~1, 
(atm.) (cc) (mols/liter) e+2 
20 0.0638 1753 0.57 36.49 
30 .0998 1138 0.88 36.62 
40 . 1368 831 1.20 36.24 
50 .1818 646 1.35 36.91 
59 .2237 533 1.88 36.99 
70 .2815 433 2.31 37.14 
80 .3402 365 2.74 37.18 
90 .4070 313 3.19 37.39 
100 .4800 271 3.69 37.38 
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From the intercept of line obtained by plotting (e—1)V7'/(e+2) against 7, 
the permanent electric moment of the ammonia molecule was calculated to be 
1.44X107'Se.s.u. This is in exact agreement with the value reported by Zahn‘ 
from measurements of the dielectric constant of ammonia at low densities. 
The part of the molecular polarization independent of temperature, 47. Na/3,, 
was calculated from the slope of the line to be 7.3 cc. The refractive index 
in the visible region, of ammonia at low densities yields a value of (m?—1)V 
(n?-+2) of 5.9 cc. Due to infrared dispersion terms associated with the 
vibrational states of the molecule, it undoubtedly has a somewhat greater 
value at the frequency 1010 &.c., of the present dielectric constant measure- 
ments. 
DIsCUssION 

In interpreting the experimental facts which have just been presented, 
two courses are open. We may assume either that the Clausius-Mosotti 
equation is valid and that the mean molecular polarizability increases with 
the density, or that the molecular polarizability, po, remains constant and 
that the Clausius-Mosotti function (e—1)V(e+2) deviates from the molec- 
ular polarization, (47/3)Npo, as the density becomes great. 

The first hypothesis may be justified by some very simple considerations. 
In a gas envisaged as an assembly of molecules in statistical equilibrium there 
eXists a variety of possible molecular types as represented by the rotational 
and vibrational states of the molecule as well as by complex states arising 
from molecular association. The distribution among the various molecular 
states may be of importance in determining the mean molecular polariza- 
bilitv. Thus in the case of a fixed molecular dipole, the distribution among 
the rotational states of the molecule determines the form of the Debye term, 
uw? 3k7T. It is possible that to the different vibrational and associational 
states of a molecule there correspond different atomic polarizabilities 
and different resultant electric moments.’ Moreover, if the transition en- 
ergies of these states were of the order of magnitude of k7, a variation in 
temperature or density might be capable of producing changes in the distri- 
bution among them which would appreciably alter the mean molecular pol- 
arizability. It is therefore conceivable that an increase in density should 
produce an increase in the mean molecular polarizability of carbon dioxide 
or ammonia through the displacement of an equilibrium between molecular 
states of different polarizability. However, associated with this effect, a cor- 
responding variation of polarizability with temperature would be expected, 
which in fact was not observed, at least for CO.. It is, of course to be re- 
membered that the total observed variation of the Clausius-Mosotti function 
was small, and that the density range covered in the dielectric constant 
measurements was relatively much greater than the temperature range. It 
is accordingly possible that a small abnormal temperature effect associated 
with the observed density effect might well have escaped detection. 

‘C. T. Zahn, Phys. Rev. 27, 455 (1926). 

5C. T. Zahn, Phys. Rev. 35, 1056 (1930); P. Debye, Handbuch der Radiologie p. 633 
(1925). 











1574 FREDERICK G. KEYES AND JOHN G. KIRKWOOD 


The band spectra of both carbon dioxide and ammonia give evidence for 
the existence of frequencies associated with the molecular vibrational states 
for which hy is of the order of magnitude of kT at 300°—400°K.° However, 
a quantitative discussion of the effect of the distribution among the various 
vibrational types on the mean molecular polarizability is impossible without 
independent information concerning the polarizabilities belonging to each 
type. Molecular association undoubtedly occurs in all gases to a greater or 
less extent and becomes increasingly important as the saturation region is 
approached. However, it is doubtful whether the loose coupling effective in 
such processes would be sufficient to influence the terms in the polarizability 
associated with the electrons and with the atoms. It might, however, affect 
the orientation of the permanent dipoles. 

A deviation from the Clausius-Mosotti relation as suggested by the sec- 
ond hypothesis is indeed likely. Recently we have carried out a statistical 
calculation of the internal field which leads to the following relationship for 
gases up to moderately high densities 

e- 1 dor 1 
sey Wh Sg Ryemeren (4) 
e+2 3 1 — Ap 
where p is the density in mols per cubic centimeter. If for simplicity, the 
van der Waal’s molecular model is employed, we find 


32.N2x? po? a. 
y= + =) (5) 
455 3 ORT 


where A and 3 are the constants of the van der Waal’s type of equation of 
state. The constant has been computed and Eq. (4) has been plotted for 
ammonia at the various temperatures of the dielectric constant measure- 
ments. From Fig. 1 it may be seen that Eq. (4) conforms closely to the ex- 
perimental curves until fairly high densities are reached. Thus at 175°, 
the deviation does not become appreciable until a pressure of 40 atm. is 
reached. The divergence of the two curves at higher densities is not surpris- 
ing, for here the assumptions underlying the deduction of Eq. (4) undoubt- 
edly begin to fail. Eq. (4) assumes that the molecules of the gas are contin- 
uously distributed in configuration, but when an appreciable fraction of 
the molecules are in quantized collision states arising in molecular association, 
this assumption loses its validity. 

The application of Eq. (4) does not meet with similar success in the case 
of carbon dioxide. The observed deviation from the Clausius-Mosotti rela- 
tion was found to be many times that predicted by Eq. (4). This may per- 
haps be explained in the light of the hypothesis which was first discussed. 
Eq. (4) assumes that the gas may be regarded as an assembly of molecules of 
identical polarizability. If carbon dioxide is to be regarded as a mixture of 
several vibrational types of different polarizability, this assumption is not 
justified. The abnormal behavior of the Clausius-Mosotti function may then 
be attributed to a variation of the mean molecular polarizability through 

6 Dennison, Phil. Mag. 1, 195 (1926). 
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a displacement of an equilibrium between several molecular types. In this 
process only the infrared dispersion terms associated with the atomic oscil- 
lators would be affected. This is in accord with the fact that the refractive 
index of carbon dioxide in the visible region has been found to satisfy the 
Lorentz-Lorenz relation over a large part of the density range covered by our 
dielectric constant measurements.’ 

Both in the case of carbon dioxide and of ammonia, our dielectric constant 
measurements show a deviation from the Clausius-Mosotti relation. For 
ammonia, they are adequately represented up to moderately high densities 
by Eq. (4). For carbon dioxide Eq. (4) proves inadequate. In this case it 
seems necessary to assume the existence of several molecular types with 
different infrared dispersion terms. 


7 P, Phillips, Proc. Roy. Soc. A47, 225 (1920). 
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NOTE ON THE PRODUCTION OF EXTREMELY 
HIGH VOLTAGES 


By M. A. Tuve 
DEPARTMENT OF TERRESTRIAL 
MAGNETISM, CARNEGIE INSTITUTION OF WASHINGTON, WASHINGTON D. C. 


(Received October 8, 1930) 


ABSTRAC1 


Ordinary methods for the production of high voltages for applica-ion to vacunin 
tubes are satisfactory up to several million volts, but are subject to definite limitation 
due to corona or spark-over from the high-voltage terminal toward ground. A sys- 
tem of successive concentric Faraday cages, with the outermost cage grounded, is 
not so limited. An impulse-method for the production of extremely high voltages using 
such a system of Faraday cages is described. A system of (2n+2) cages gives an 
impulse-voltage slightly less than »V on the innermost cage. 


OR many years it has become increasingly evident « . .ecognized that a 

suitable artificial source of extremely high-energy particles and quanta 
must be developed as a tool before adequate studies of the atomic nucleus 
can be made. The most obvious approach to the development of such a 
tool has been the application of very high voltages to vacuum-tubes. Ordi- 
nary arrangements for this purpose are satisfactory for voltages up to several 
million volts, but it is clear that no matter what insulating medium is used a 
limitation is set by the corona or spark-over of the high-voltage terminal 
toward ground unless this point is completely surrounded by graded shields 
having intermediate voltages. Thus a system of successive Faraday cages, 
each inside of the next and charged to a higher voltage, is not subject 
to such a limitation. This fact of course has been long recognized. The 
inherent capacity between the Faraday cages, however, places very definite 
limitations on the type of voltage source which can be used to charge them. 
Using transformer-oil as an insulating medium, a voltage of even 1,000 
k.v. would place unnecessarily high kilovolt-ampere requirements on the 
(cascaded) transformers to supply the wattless charging current. The use of 
kenotrons with such a system of cascaded transformers, however, charging 
the cages to successively higher and higher direct-current potentials, appears 
to be practical up to several million volts, but becomes complicated and very 
expensive. Voltage sources of the static-machine type for this purpose are 
not out of the question, but appear impractical at present for very high 
voltages. The familiar method of multiplication of voltage by charging con- 
densers in parallel and discharging in series, however, has many advantages 
as source of intermittent high voltage. By reason of circuit time-constants, 
mechanical switching methods appear impractical for very high voltages, 
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but the impulse generator, as developed by Peek! and used by him for po- 
tentials up to 5 million volts is a method of obviously great possibilities. 
The impulse-generator used by Brasche and Lange? for high-voltage tube 
work is presumably of this type. 

To eliminate the disadvantage of very great physical dimensions, how- 
ever, and to remove the ultimate limitation on the attainable voltages 
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Figs. 1 to 3..-Method for the production of extremely high voltages— circuit- 

















diagram for impulse-generator using successive Faraday cages. 


with this device, it is necessary to use it in connection with successive 
Faraday cages. If successive units of the Peek impulse-generator are en- 
closed between successive Faraday cages several important difficulties are 
presented: The successive condensers must be connected through successive 
resistors to ground instead of directly, since a direct ground-lead cannot be 
insulated sufficiently to pass through all of the cages. This connection, how- 


1 F.W. Peek, Jr., Dielectric phenomena in high voltage engineering. 3rd ed., p.145 ff., 1929. 
? Brasche and Lange, Naturwiss. 18, 16 and 765, 1930, 
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ever, does not cause the discharge of the first gap to throw over-voltages 
on the succeeding gaps, which in the Peek circuit causes the spark-overs which 
connect successive condensers in series. Even if provision is made to accom- 
plish this, the capacity between cages in a few stages becomes comparable 
to the capacity of the condenser in each impulse-unit, and since the discharge 
of these condensers must elevate the successive cages in voltage with respect 
to each other, thus charging the inter-cage capacity, the effective multiply- 
ing power of the impulse-generator is lost after the first few stages. 

In this connection, it occurred to the writer that a special type of 
impulse-generator could be devised which would be free from the above 
difficulties. The fundamental idea involved is indicated in Fig. 1. A series 
of “concentric” Faraday cages is charged alternately to two voltages, e.g., 
Oand —V. The electric fields are then in opposite directions between alter- 
nate successive cages. If now a series of spark-gaps can be arranged to make 
sudden connections between alternate pairs of cages, all electric fields in one 
direction are wiped out and those in the opposite direction remain, raising 
the potential of each pair of cages by an amount V with respect to its pred- 
ecessor, by the principle of the Faraday cage. If there are 27 +2 cages and 
the outermost cage is grounded, the potential of the innermost cage will be 
raised ton: V. The capacity between successive cages is thus no longer a dis- 
advantage, being used as part of the essential capacity of the impulse-circuit. 

An analysis of the original circuit devised for this purpose enabled its 
reduction to a form very similar to that of the Peek generator as indicated in 
Fig. 2, with two Faraday cages between successive units (eliminating the loss 
in “multiplying power” due to inter-cage capacity which occurs when only 
one is used), with the ground-connection made through successive resistors 
R,’, R,’, etc., instead of directly, and with the auxiliary condensers Cr 
added to throw an overvoltage on successive gaps when the gap G;, first 
breaks. The complete circuit is shown inside of the Faraday cages in Fig. 3. 
The condensers C,’, C2’, etc., may be added between sections to make the 
effective capacities of all sections, including the inter-cage capacities, alike 
(Ci, Cy, etc., Fig. 2). The gaps should be sphere-gaps, to avoid time-lag 
and “impulse-ratio,” and the condensers Cr should be no larger than 
is necessary to insure spark-over, e.g. 10 to 20 percent of C,, C2, etc. The 
addition of these condensers Cr reduces the theoretical voltage n- V, by the 
amount used as overvoltage to cause the gaps to spark-over properly. It 
appears from consideration of time-constants that for effective charging R; 
should roughly approximate the sum of the other resitors Re, R.’, Rs, Rs’, 
etc. It seems most practical, perhaps, to use oil as the insulating medium 
between cages, with the gaps enclosed in vessels containing air. A further 
discussion of the practical features of the circuit and its possibilities and 
limitations is beyond the purpose of this note. 

An opportunity has not been presented and may not arise for some time 
to make an adequate test of this circuit, but it has been thought worthy of 
calling to the attention of those interested. A test of the method has been 
made on a small scale, with satisfactory results. 
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A TWO DIMENSIONAL BOUNDARY VALUE PROBLEM FOR 
THE TRANSMISSION OF ALTERNATING CURRENTS 
THROUGH A SEMI-INFINITE HETEROGENEOUS 
CONDUCTING MEDIUM 
By HERBERT P. Evans 
DEPARTMENT OF MATHEMATICS, UNIVERSITY OF WISCONSIN 
(Received October 13, 1930) 


ABSTRACT 


In this paper an infinitely long conductor parallel to the surface of a semi-infinite 
conducting medium is considered. The medium is supposed to consist of an upper 
stratum of uniform conductivity o,, and having elsewhere a uniform conductivity 
o.. The conductor is supposed to carry an alternating current for which the 


conducting medium forms the return path. The problem under consideration is that of 
determining the field vectors throughout space, subject to the condition that the fre- 
quency is sufficiently low that displacement currents may be neglected. This prob- 
lem has been solved by Haberland by the case of a sufficiently thin stratum, this 
limitation arising through the use of approximate boundary conditions. A solution 
has also been given by Carson for the case of a homogeneous medium. The present 
treatment utilizes exact boundary conditions and permits the stratum to be of any 
thickness. The boundary conditions are formulated for a function ¢ which satisfied 
the wave equation throughout space. By means of the conditions which must hold 
at the surface of the conductor and at the two faces of the stratum, together with 
the conditions at infinity, the function @ may be expressed in terms of an infinite 
integral from which the field vectors are derivable. This integral is expanded into a 
convergent series of simpler integrals which are given physical interpretation. 


STATEMENT OF THE PROBLEM 


E WILL consider an infinitely long overhead conductor parallel to the 

surface of the earth. This surface will be regarded as a plane and the 
earth will be regarded as a semi-infinite medium. The conductor is assumed 
to carry a harmonically varying current which will be taken as the real part 
of Je‘*', where J is a real constant. This excludes consideration of the case 
of displacement currents flowing in planes perpendicular to the conductor. 
The frequency will be supposed low enough so that axial displacement cur- 
rents may also be neglected. In both the air and the earth the electric in- 
tensity vector will then be parallel to the conductor. The problem is that 
of determining the electric and magnetic intensities at any point of space. 
The solution of this problem will be an approximate solution for the case of a 
long overhead conductor of finite length, in the vicinity of the conductor and 
near its midpoint. Under these assumptions the field vectors will not vary in 
the z-direction, that is, in the direction of the conductor. 

The foregoing problem has been solved for the case of a homogeneous 
earth by Carson,' and for the case of an earth covered by a thin conducting 
layer, of different conductivity from that of the earth, by Haberland.* 

1 Carson, Bell System Technical Journal, November, 1926. Carson also makes an im- 


portant technical application considering attenuation due to radial displacement currents. 
* Haberland, Zeits. f. Ange. Math. u. Mech. 6, (1926). 
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MATHEMATICAL FORMULATION OF THE PROBLEM 


The Maxwell field equations are applicable to the problem in the form 


4r 
curl B = —C 
c 
lw 
jcurl E = ——B (1) 
Cc 
C =cE., 


\ 

Written in this form the magnetic intensity B is expressed in c.g.s. electro- 
magnetic units and all other quantities are in c.g.s. electrostatic units. The 
current density is designated by C, the conductivity by o, the electric and 
magnetic intensities by E and B respectively, (—1)* by 7, and the velocity 
of light by c. Let the origin of coordinates be taken at the surface of the 
layer and directly below the conductor. The x-axis will be taken in the sur- 
face of the layer perpendicular to a vertical plane containing the conductor, 
and the z-axis will be taken in the direction of the conductor. Since in our 
case 





—-—-— =—vE (2) 
Ox Oy ¢ 
{ dE a 
| Oy = = 3) 
| OE lw 
| = —B,,. 
| Ox Cc 


From this point on we will consider only the electric field in our calculation, 
since with the aid of (3) it is clear that the magnetic field may be readily cal- 
culated therefrom. In Eq. (2) the conductivity ¢ is zero in the air and will 
be designated by ga, in the layer (region 1) and by a in the earth (region 2). 
Substitution of (3) in (2) gives 

4rwot 0° o 


V2E = E, where V? = + - 
¢* Ox* = Ay? 











(4) 


and a, as in Eq. (2) depends upon the region of space under consideration. 
It should be noted that if E be determined from (4) the values of B, and B, 
are then obtainable at once from (3). Now Eq. (4) can be expressed in a 
simpler manner if we define 


Cc 
——ews Sy © 5; WY © 9. 
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Then (4) becomes 
@E @E | 
— +— = in’'E (5) 
ag? On? 

where «’ =0 in the air, x’ =1 in the region 1 and a’ =@2/¢; in region 2. 

The conductor is taken at a distance h above the surface of the layer, the 
thickness of which is d. Further, the distance from any variable reference 
point P to the conductor will be called 7) and the distance from the same 
point P to the image of the conductor with respect to the surface of the layer 
will be called 7,;. In addition we put 


h'y = h, d'y - d, pay * Te, OST > Fi- 


The following figure then shows the system under consideration after all 
distances have been divided by the factor y. In setting up the boundary 
conditions the radius of the conductor is assumed to be very small. 
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Fig. 1. 


We will now formulate the boundary conditions for the system of differ- 
ential Eqs. (5). At the surface of separation between the air and the layer, 
and at the surface of separation between the layer and the earth, the tangen- 
tial components of E and B and the normal component of B must be con- 
tinuous. It should be observed that the normal component of E, being every- 
where zero, is of course continuous at these surfaces of separation. Now (3) 
may be written in the form 

OE yw 0E yw 


——f, —— © 
On c 0& c 
and therefore if 0E/d£ is continuous, B, will also be, and it is necessary only 
to require that 0E/dn be continuous in order to insure the continuity of B,. 
The above requirements are therefore summarized by writing 


v 


dE OF, 
E = E, and — = — for 7 = 0 
dn dn 
OE, dE, 
E, = E, and — = — for n= —d'. 


On On 
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Two conditions remain. First, the field vectors must all be zero at infinity; 
that is, 
E=0;7= © and £2 =0;7=- 2 


E=E,=F=0;§&= +o. 


Second, in the vicinity of the conductor the magnetic induction must ap- 


proach the value. 


Bo| = — (6) , 


where B® denotes the primary field; i.e., the field due to the current in the 
wire alone. The direction of B® will then be normal to 7p. By means of (3) 
the condition (6) may also be expressed in terms of electric intensity. For 


2I y-—h 2] 
Bo = —— —— = —~ ——(n- I’) 
ro Po Y Po’ 
af 
By? = ——£. 
YPo” 


These values substituted in (3) give for the primary electric field 
; 2iwl 7 
E® = —— log po + constant. (7) 
¢ 


If we let Ey denote the secondary air field; i.e., that due to earth currents, 
we have 
E = E°+ Ey 
and since E must be zero at infinity it follows that the constant term in (7) ) 


must be zero. It will be convenient to replace the electric intensity E by a 
function @ defined by the equation 


2wi 


E = —4. (8) 


To summarize, then, the following boundary value problem! is to be solved. 








0° 0° 
— =0Q, in air (9) 

ag? dn? 
0° 0° ‘ 

hy cane iM, in region 1 (10) 
dt? —s On? ’ 
3? oe? 
ee ixoo, in region 2 (11) | 
oe? On? 


* The question of uniqueness of this boundary value problem has also been investigated 
and a complete uniqueness proof carried out for the case x=0. This proof is omitted from the | 
present paper as being chiefly of mathematical interest. } 
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¢ = I log po + 0 (12) 
@¢=0;7n= 6 and d@& =0;n=-2 
{ . (13) 
$=¢d = =0; Ex to 
Oo 0d) 
@ = d and — = —;7=0 (14) 
On On 
09, Ade 


o: = do: and — —d'. (15) 


—- % 
on on 


In these equations @ denotes the value of the ¢-function in the air region, 
¢; the value in region 1, and @2 its value in region 2, while x is used to denote 
the ratio of conductivities o2/a;. 


METHOD OF SOLUTION 


A solution of (9) which satisfies both (12) and (13) and is symmetrical 
with respect to & is 


p x 
@ = / log = + f A,(B8) cos Be~ *dB (16) 
Pl 0 


where A; is an arbitrary function of 8, subject to the condition that the inte- 
tral exists and has second partial derivatives with respect to both & and 7. 
A solution of (10) symmetrical with respect to & is 


o, = f Ao(B)e*" cos EBdB + f A3(B)e-*" cos EBdB; — d’ Sy SO (17) 
0 0 


where A, and A; are arbitrary functions of 8 and 
a = (82 + iM, (18) 


A solution of (11) which satisfies (13) and is symmetrical with respect to 
fis 


do: = i A ,(B)e" cos tBdB; » S — d’ (19) 
0 


where A, is an arbitrary function of 8 and 
@ = (8° + ix)'?; «x = o2/o1. (20) 


There remains to find functions A;, A2, A3, and A, which are consistent 
with the boundary conditions (14) and (15). In order to satisfy (14) the fol- 
lowing equations must hold: 


Ay = Ao + A; (21) 


2 h’ 2 
— J BA, cos £B8ds8 — te aos = i} al(As —A 3) cos tBdB (22) 


Ss 
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In order for (15) to be satisfied we must have 


Agent" + Ager” Aye ** (23) 
a(Age*" — Aze**’) = 0A ye?" (24) 


These three algebraic equations and one integral equation are sufficient 
to determine the four unknown functions. We will first replace the integral 
Eq. (22) by an equivalent algebraic equation. Using Fourier’s integral, we 


have 
1 : 2° ” cos &8 cos AB l . 
————- = — | asf —-— —.dx = — e~8"" cos EB-dB. 
h’? + £? T 0 0 h’? + ts h’ Jo 





Substitution of this result in (22) gives 
BA, + 2le bh = a(t, —_ Ae). (25) 


If (21), (25), (23), and (24) are solved for A;, Az, A3, and A, the results 
are the following :* 


F e249 — a) — e*""(6 + @) 
A i(B) = 2/e—%* , sashichalnittainnigniigaamenniianientaiaenareeneeNs (26) 
e~*4"(9 — a)(a — B) + e*”'(6 + a)(a + 8) 


ee" (a + 6) 














A(B) = 27e-6"’— arene . (27) 
e 24 (a@ — O(a — B) — e*" (a + O(a + B) 
. eV (a — 6) 
i te DO nineteen (28) 
e~*4' (a — O(a — B) — e*"(a + 0)(a + B) 
ae’ 


A,(B) = 47 e-8"’ 





—_—_———_______- —- (29) 
e~*4 (a — 6)(a — B) — 7" (a + O(a + 8B) 





Substitution of (26) in (16) gives, 
@ = I log (po/p1) 


“ e248 — a) — e247'(8 + a) 
+ 2] i) | Sy aera aon cos &BdB. = (30) 
9 Le~*"’(6 — a)(a — B) + e747 (6 + a)(a + B) 





In order to evaluate the integral in Eq. (30) a considerable advantage is 
gained, both from the standpoint of computation and of interpretation, if 
we put 


6@—a 


—_——_¢ 


A@+a 


lad’ 


and then expand the integrand in a series as follows: 


‘ If these values of A;, A2, As and Aq are substituted in Eqs. (16), (17) and (19) it can be 
shown that the resulting integrals are convergent. 

5 An independent study of Eq. (31) shows that it is legitimate to integrate this series term 
by term. 
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Po ‘= 1-6 1 
@ = 1 log — — 2] — —e 8th’ +") cos EBdB (31) 
Pi 0 at B _ amd B 
1+ 6 
a+ sp 





" 1 
Hog — 21 | 
vy o La+ 8 


2a = a — p\""' 
(- 1y"s(=—*) Jews cos £Bdp. 
+8 


ee ae 
(a +B)? n=1 a 





If only the first two terms of the series of integrals are taken, we have the 
approximate result 


0 ** cos 8 
¢=Tlog——2 | —~e-eu'+nae (32) 
Pi 0 Q@ + B 


* ala — 6) cos 8 
- uf ——__—___¢- (h’B+98+2ad" gg | 
0 (@ + B)*(a + 6) 


In case the two conductivities ¢, and ¢, are equal, it is seen from (18) and 
(20) that a=8@, and the last term of (32) vanishes. The electric intensity 
then may be written in the form 

2iwl po 4wl ¢* ere? 
log — + — (8 — (B* + 7)'/*) cos EB-BO' + dB. 


Pi C 0 


E= 





This expression for the electric intensity agrees with that given by Carson 
for the homogeneous case. 

Referring to Eq. (32), the first term only would be present if the conduc- 
tivity of the earth were infinite; the second term arises due to its finite con- 
ductivity; and the third term arises on account of the difference in conduc- 
tivities between the earth and the layer. The infinite series of integrals, which 
is necessary for the exact solution, converges very rapidly in case the layer 
is thick or in case the two conductivities are nearly equal.® 


CALCULATION OF THE AIR FIELD FOR THE SPECIAL CASE WHEN «x =0 


It is of interest to compare the air field in the case of a homogeneous earth 
with the field obtained when only an upper stratum of the earth is conducting. 
Now Eq. (32) may be written 


o = I log + 21 | (a — B)e~*? cos $8d8 
Pi 0 
4]i “ | 
~~. [a(@ — a)*(a — B)%e-8?-244" cos EBdB | 


1 — xy 


6 In fact, an upper bound for the error made if the three terms of (32) are used for com- 
puting ¢ is found to be 





(x — 1) %¢~2(2)8/2a” r 1 1 
TO TPT wat Fa | 
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where 
p=h' +n. 
Now let 
Jy= i) (a — B)e~’® cos EBds (33) 
1 = 
J, =—— a(@ — a)*(a — B)*e~ ?8-244" cos EBdB. 
l — & ere 
Then 
Po ; : : 
@ = 1 log — + 27iJy — 41 iJ,. (34) 
Pi 


For the case in which only the layer is conducting, we have x=0 and 
6=8, so there results in this case 


x 
J, = i) ae P8~2ad"( gq — B)4 cos EBdB. (35) 
0 


Now if we put 
Q = re 
it may be shown that 
r = (84+ 1)'/4) \ = tan er 
(84 + 1)'2 + gt? 
and also that 
a— B = (r — (7? — 1)'/?)!/2- 8 
where 
r = B+ (84+ 1)" and x = tan alee 
rcosX — p 
It can also be shown that 
e~2ad’ = ¢—2r(cos) + i sin Dd’ (36) 
Now for brevity we put 
P, = (r — (4? — 1)"/2)"/2, Py = ((6* + 1)'/? — B*)"/2, Py = ((6* + 1)"/2 + B*)"? 


With these substitutions we obtain 


} Pe» P3 
miae——, GAs ——— 
(2)1/2y (2)1/2y 


a(a — B)4 = r(r — (72 — 1)!/2) etter | 
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Consequently, if this equation and Eq. (36) are substituted in (35), we obtain, 
after simplification, 


J, =I) $ i, (37) 


( 2 - . 
where J‘) and J‘? are both real and are defined by the equations 


( « 
; J, = [ rP\4 cos (X + 4x — 2rd’ sin A)em (P8424) Cos EBdB 
“0 


(38) 
7 * f rP\4 sin (A + 4x — 2rd’ sin A)ew ("8 +274" ™®) Cos EBAB. 
0 


In like manner it may be shown that 
Jo = Jo? + Jo (39) 


where J‘) and J} are both real and are defined by the equations 


| Jo? = f P, cos xe~”® cos £Bd8 
) (40) 
| 


J)? = f P; sin xe~”® cos BdB. 
0 
Substitution of (37) and (39) in (34) gives 


p 
re = 1} tog” —_ 2 9 aa uot + 2iT fo —_ 27} 


Pi 


or, using Eq. (8), the electric intensity in the air is given by the equation 
E=E”4i—® = ({E@Mt: 4. fF) }2)1/2f cos vy + isin v| 
where 


E® = ead wm — Jon} 
J = “J 1 0 { 
c 


2wl ( p ) 
E®) = — log — — Wo + 4J, t 
c \ P1 
E®) 
= 8 menace 0 
y= tan E® 


Finally, multiplying the electric intensity by the time factor e*' and then 
taking the real part of the result, gives 


R{ Eei#t} = ({EM}2 4 { £)}2)1/2. cos (wt + yp). 





The determination of E' and E*? depends upon the evaluation of the inte- 
grals of (38) and (40). These integrals are easily evaluated graphically with 
the aid of the following table in which those quantities appearing in the inte- 
grands which depend on @ alone are tabulated. 

In this table the substitutions 


A =X+ 4x — 2rd’ sind and g = pB + 2rd’ cosd 


have been made. 
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TABLE I. 
B P, rP ys x | A g 
0 1.00 1.00 45° 3.92—1.414d’ 1.414d’ 
0.125 0.918 0.712 50° 6’ 4.28—1.404d’ 0.125p+1.424d’ 
0.25 0.839 0.496 55° 6’ 7] 4.60—1.37d’ 0.25p +1.456d’ 
0.50 0.693 0.234 64°21" | §.15—1.25d’ 0.5p +1.6d’ 
1.00 0.463 0.055 77°39’ 5.81—0.912d’ p+2.2d’ 
2.00 0.222 0.0049 86°34’ 6.16—0.5d’ 2p+4.03d’ 











To take a definite example we will calculate the electric intensity at the 
surface of the earth directly below the conductor. The frequency will be 
taken as 1000 cycles per second, the conductivity of the layer as 9108 
electro-static units, the height of the conductor as 1000 cm, and the layer 
thicknesses d will be taken as 10, 500, 1000, 1500, and 2000 cm respectively. 
We have in this case 


w = 2rf = 6.28 X 10% rad. /sec. 


h 
p=h! +n = hl’ = —(4rao,)'? = 0.281 
? 
d 
d’ = —(4mwo,)'/? = 2.81 XK 104d 
Cc 
»=0, &=0. 


Using the above values for p and &, we find by graphical integration 
Jo = 0.343 and Jo’ = 0.980. 


Similarly, corresponding to the various values of d, we find the following 








values: 
TABLE IIT. 
d d’ — J, ye — EO — FE) |E| ; 
10 0.0028 0.0135 0.2785 0.370 1.537 1.58 
500 0.14 0.0686 | 0.2089 0.480 1.398 1.48 
1000 0.28 0.0822 | 0.1530 0.507 1.286 1.38 
1500 0.42 0.0883 | 0.1148 0.520 1.210 1.31 
2000 0.56 0.0891 0.0729 0.521 1.126 1.24 
00 wo 0 | 0 0.343 0.980 1.04 











In this table the intensities were calculated aside from the constant factor 
4wI/c. This table shows that the electric intensity is approximately 50 
percent greater at the surface of the conducting layer 10 cm thick than it is 
at the surface of the infinitely thick conductor having the same conductivity. 

It will be observed from Table I that the evaluation of the integrals 
depends only on the parameters p, d', and & instead of upon the six original 
parameters w, h', n, £,0:, and d’. This reduction in the number of parameters, 
together with the partial evaluation of the integrands in Table I, effects a 
considerable simplification in computation and makes possible the study of 
the behavior of the field as a function of one or more of its controlling factors. 
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Prompt publication of brief reports of important discoveries in physics may 


be secured by addressing them to this department. 


Closing dates for this depart- 


ment are, for the first issue of the month, the twenty-eighth of the preceding month; 
for the second issue, the thirteenth of the month. The Board of Editors does not 
hold itself responsible for the opinions expressed by the correspondents. 


Polarization of Mercury Lines in Stepwise Radiation 


The polarization of several mercury lines 
appearing in tluorescence when a mixture of 
nitrogen and mercury vapor is radiated by 
light from a quartz mercury are has been in- 
vestigated. Wood and others have shown that 
when a mixture of mercury vapor and a few 
millimeters of nitrogen is radiated by a quartz 
mercury arc giving an unreversed resonance 
line (2537), mercury atoms in the normal 
(14S) state are raised by absorption of this 
line to the excited (2°P;) state where they 
collide with nitrogen molecules causing a large 
traction of them to revert to the metastable 
(2°P,) state. These metastable mercury atoms, 
having a long mean life, may absorb other 
lines from the arc, thus carrying them to vari- 
ous higher states from which they may radiate 
a diversity of lines. We shall call this process 
“stepwise excitation.” 

In the present experiments a quartz tube 
containing mercury vapor at room temperature 
and 3 mm pressure of nitrogen was radiated 
by a water cooled and magnetically deflected 
quartz mercury arc. The fluorescence pro- 
duced was observed at right angles to the 
exciting beam, and was tested for polarization 
by means of a Savart Plate, a Quartz Glans 
Prism and a small quartz spectrograph pre- 
viously described.!| By this method any line 
of the fluorescence showing more than a few 
percent polarization will appear on the spectra 
plate crossed by fringes perpendicular to the 
line, which will be more or less distinct de- 
pending on the degree of polarization of the 
line. The fluorescence tube was placed in 
a magnetic field parallel to the exciting beam. 
Mercury atoms reaching the 2°S, state from 
the 2°Py by absorption of the line 4047 from 
the arc, radiate 4047, 4358 and 5461 (not reg- 
The 3°D, state is 
reached in the same manner by absorption 


istered on plate used). 


of 2967, from which 2967, 3131, and 3663 
are radiated. A reproduction of a typical 
plate is seen below (Fig. 1). The lines 4047, 
4358, 2967 and 3131 are all crossed by fringes, 
while the line at 3660 is not. The fringes on 
4047 and 2967 are very distinct, indicating a 
large degree of polarization while those on 
4358 and 3131 are indistinct showing only 


partial polarization. Moreover, the maxima 


ia 


67 
3131 
7 


x 
wy 
wm no 


? 
x 
36060 


404 


F IG. 1 


of intensity of fringes on 3131 are at the same 
position as the minima on 2967, showing that 
they are polarized perpendicularly to each 
other. This is easily seen on the original plate 
but may not show distinctly on the reproduc- 
tion. The line 4047 is strongly polarized 
corresponding to 2967, and 4358 is partially 
polarized perpendicularly to it, analogous to 
3131. 


These results can be explained by a consid- 


eration of the Zeeman levels for each line 
in question and their relation to the polariza- 
tion of resonance radiation. The polarization 
of the lines 4047 (2°S,;-+25P,) and 4358 


tA. C. G. Mitchell, Journ. Frankl. In- 
stitute 209, 747 (1930). 
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(23S,—>2°P,) have been explained by Hanle 
and Richter? who showed experimentally that 
with a magnetic field parallel to the exciting 
beam, 4047 was 100% polarized with its elec- 
tric vector perpendicular to the magnetic 
field and 4358 33°¢ polarized with its electric 
vector parallel to the field, in agreement with 
the theory. From the known Zeeman levels 
of 2967 (3°D,—2°P») and 3131 (3°D,—2°P,), 
it is easy to show theoretically that 2967 
should be 100°; polarized corresponding to 
4047 and 3131 33°% corresponding to 4358. 
These experiments are in qualitative agree- 
ment with the theory. 

It has further been shown, by using a 
large quartz spectrograph (Hilger /,), that 
the line seen at 3131 on the small spectrograph 
is actually that line and not a composite of 
3131 and 3125, the latter line being absent or 
at any rate very weak compared to 3131 in 
the fluorescence. The line at 3660 is a com- 


posite of 3050, 36054 and 3663 and therefore 
shows no polarization. 

The fact that the line 2967 is largely po- 
larized (practically 100°%) when 3 mm of 
nitrogen is present means that the 3°), state 
has a short mean life, for a calculation based 
on the time between collisions of mercury 
atoms and N» molecules shows that the mean 
life is probably 107° sec or less. The work is 
being continued with a view to measuring the 
mean life of this 3°), state by a magnetic de- 
polarization experiment and will be reported 
in detail at a later time in this Journal. 

ALLAN C. G. MitrcHecr 


Bartol Research Foundation 
of the Franklin Institute. 
October 24, 1930, 


“W. Hanle and F. Richter, Zeits f. Physik 
54, 811, (1929). 


On the Attempt to Detect Collisions of Photons 


A. L. Hughes and G,. E. M. Jauncey (Phys. 
Rev. 36, 772, (1930)) describe some experi- 
ments intended to detect the self-scattering 
of light bundles due to collisions of photons. 
Some years ago similar experiments were per- 
formed and published by me in Russian (Jour. 
russ. phys.chem. 60, 555, 1928) with the same 
negative results. Light of condensed sparks 
was used, its momentum intensity being 
much greater than that of condensed sun 
light as used by the American authors. At 
the same time it was pointed out that experi- 
ments of this kind are unnecessary. 

Phenomena in the neighborhood of the 
sun give us much more information about 
the subject. Very intense bundles meet and 
intercross near the sun’s surface. In case col- 
lisions of photons exist—light in the neighbor- 
hood of the sun must be powerfully scattered. 
We know that near the sun some scattered 
light really exists—it is the solar corona. 


From data about the intensity of the corona 
and from the law of distribution of its in- 
tensity as a function of the distance from the 
sun it is easy to calculate that the coefficient 
of the scattering near the sun is of the order 
10°", Theories advanced about the corona 
explain this scattering as a scattering of sun 
light by atoms or electrons. 

But even if we had some reasons to ascribe 
the corona to the hypothetical self-scattering 
of photons, its value (10~'’) must be so small 
that it is hopeless to detect it with terrestrial 
experiments. The effective radius of photons 
must be smaller than 107°° cm. 

The principle of superposition of the in- 
coherent light bundles is also fulfilled with 
great accuracy. 

S. VAVILov 

The States Electrotechnical Institut 

U.S.S.R. Department of Physics. 

October, 1930. 


A Note on Zeeman Patterns 


Many Zeeman patterns are quite unresolv- 
able, even with powerful apparatus, and ap- 


pear as spurious triplets or quartets, accord- 
ing as AJ=+1 or 0. Shenstone and Blair,! 
assuming that in this case the measured posi- 
tion coincides with the theoretical center of 
intensity of the unresolved pattern, have de- 
rived formulae which are of great utility in 


determining g-values from observations of 
complex spectra. The present note calls 
attention to the very simple values which the 
unresolved shifts assume when the g’s follow 
Landé’s formula. 

If B,, B, are the mean displacements of 


1 Phil. Mag. 8, 765-771 (1929). 
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the groups of o or z components, J, J+AJ 
the inner quantum numbers, and g;, ge the 
magnetic factors, their formulae may be writ- 
ten (after a little algebra) 


AJ=—1 2B,=(J+1)g,-—(J—1)g2 
Br=0 
AJ=0 2B,=2n+k2 
J(J+1) 
(4/3)Ba = + (g:—g2) -———F. 
J+} 


When J is integral, F=1; when J is half- 
integral (even multipiicitv) J=1—(1)/16/" 
(J+1)*. This factor lies between 0.995 and 1, 
and may be neglected, except when J=}. 

Substituting Landé’s value, g=3/2+ 
[S(S+1)—L(L+1)]/2J(J+1) and using J, L 
to denote always the greater of the two values 
involved in a transition, we find easily 

B, B, 

Ordinary multiplets 3—L/2J 0 
Diagonal lines 
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Be B, 
First satellites $(gitge) 3L/(2J+1)* 
Second satellites $+L/2J 0 
Symmetrical multiplets 
Diagonal lines g 0 
Satellites j 0 


*When J=}3, B, =(4/3)L 

These formulae are remarkably simple. It 
is noteworthy that they do not involve 5S, ex- 
cept in the case of B, when AJ =0. It is only 
in this case that unresolved patterns can give 
any information about the multiplicity. 

Even for resolved patterns, B, has a defi- 
nite physical meaning; it is the weighted mean 
magnetic shift for all the radiation of a given 
state of polarization. It is noteworthy that 
these quantities come much nearer to satis- 
fying Runge’s rule of “simple denominators” 
than do the shifts for individual components. 

HENRY Norris RUSSELL 
Princeton University, 
October 24, 1930. 


Raman Effect of HBr and HI 


With R. W. Wood’s method (Phil. Mag. 
7, 744 (1929)), a long mercury arc and a long 
tube containing gas at atmospheric pressure, 
we have measured modified lines scattered 
by HBr and HI, using a Hilger constant de- 
viation spectrograph and iron arc standards. 
HBr lines were scattered from 4047 and 4358, 
HI from 4358 only, as all radiation of shorter 
wave-length had to be filtered out to decrease 
photochemical decomposition. 

The shifts of the Raman lines, correspond- 
ing to (0, 1) vibrational transitions, are, ac- 
cording to these measurements: HBr 2556, 
HI 2233 vacuum wave-numbers. The value 


of the center of the HBr vibration—rotation 
band is, according to Imes (Astrophys. J. 
50, 251 (1919)), 2559. The center of the vibra- 
tion—rotation band of HI has yet to be de- 
termined in absorption, though Czerny (Zeits. 
f. Physik 44, 235 (1927)) concluded that his 
measurements indicated it around 4.4 (about 
2270 wave numbers). 
E. O. SALANT 
A. SANDOW 


Washington Square College, 
New York University. 
October 25, 1930. 


Absorption and Collision Broadening of Resonance Radiation 


In a recent paper in the Physical Review,' 
an expression was given for the optical ab- 
sorption coefficient of a gas under conditions 
in which Doppler broadening of the absorp- 
tion line was superimposed on collision broad- 
ening. The object of this letter is to mention 
that a similar expression was given by F. 
Reiche in a paper? with which I was not ac- 
quainted at the time. It can be readily shown 


that the two expressions are mathematically 
identical. 


M. W. ZEMANSKY 
Kaiser Wilhelm Institut 
fiir Physikalische Chemie, 
Berlin-Dahlem, October 20, 1930. 
'‘ Zemansky, Phys. Rev. 36, 219 (1930). 
2 Reiche, Verh. d. D. Phys. Ges. 15, 3 (1913). 


On the Incomplete Polarization of the Mercury Resonance Radiation 


It has been shown by Ellett and McNair 
(Phys. Review 31, 180, 1928), that the in- 
complete polarization (80%) of the mercury 
resonance radiation in zero magnetic field is 


due to the unpolarized radiations of the two 
outer components of the hyperfine structure 
of the 2537A mercury resonance line. Ac- 
cording to these authors, the unpolarized part 
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of the resonance radiation is due to the ab- 
sorption of the short wave-length component 
(—25.4 mA). This view was based on the 
fact,that the radiation is completely polarized 
in more intense magnetic fields, for which the 
short wave-length component ts probably not 
absorbed, because it shifts in the direction of 
longer wave-lengths (parallel Zeeman compo- 
nent; observations in emission made by Mec 
Nair). 

On the basis of this interpretation the au- 
thor has hoped to obtain a totally unpolarized 
resonance radiation in zero magnetic field 
by irradiating the mercury vapor only with 
the short wave-length outer component of 
the resonance line of mercury. The study of 
Zeeman effect of the 2537A line in absorption 
made by the author last summer has shown, 
that this component in fact shifts for intense 
magnetic fields in the direction of longer wave- 
lengths and that we can ina very simple way 
let pass through the absorption cell only this 
single component (in magnetic fields parallel 
or perpendicular to the electric vector of the 
transmitted light) and let it irradiate a res- 
onance vessel with mercury vapor. Observa- 
tions made with resonance radiation excited 
monochromatically in this way at room tem- 


On the Entropy 


There has recently appeared a paper by D. 
MacGillavry “On the Entropy of Hydrogen” 
(Phys. Rev. 36, 1398 (1930)) The zero point 
(?) entropy of ordinary hydrogen with its 
1:3 para, ortho mixture has been correctly 
calculated for certain assumed conditions by 
a lengthy but conventional method. Equilib- 
rium hydrogen is carried from the absolute 
zero to some high temperature from which it 
is cooled as ordinary hydrogen with suspended 
equilibrium between the ortho and para forms. 
The resulting value was, as stated, in agree- 
ment with the value previously given by us 
(J. Am. Chem. Soc. 50, 3221 (1928)), namely 
4.39 calories per degree per mole for the en- 
tropy of mixing of the two forms at low tem- 
peratures. 

However MacGillavry states ‘‘They con- 
sider ordinary hydrogen at the absolute zero 
as a mixture of para-hydrogen and of nine 
species of ortho-hydrogen, in accordance with 
the weight factor 3X3 of the lowest ortho 
state. Although our final result is the same, 
Giauque and Johnston's interpretation of 
quantity (9a) as a paradox term does not 


perature and zero magnetic field (great care 
was taken to compensate the earth and stray 
magnetic fields) has shown, that the degree 
of polarization of this radiation is not smaller 
than for the resonance radiation excited with 
all five hyperfine structure components. 

The measurements of the rotation of the 
polarization plane in weak magnetic fields 
lead to the same value 1.05 X10? sec. for the 
mean life-time of the excited atoms when the 
fluorescence is excited by the outer compo- 
nent only, and when all five components are 
used for excitation. 

The described experiments show, that these 
phenomena are more complicated than it has 
been supposed, and that it is necessary to ex- 
tend the investigations to lower temperatures 
and to study the fine structure of the mono- 
chromatically excited resonance radiation. The 
author proposes to proceed with these investi- 
gations. A full report of the results already 
obtained will appear shortly in the Bulletin 
de l’Academie Polonaise (Cracovie). 

S. Mrozowskli 


Physical Laboratory of the Society 
of Sciences and Letters, Warsaw. 
October, 17, 1930. 


of Hydrogen 


seem a priori plausible."’ Others have raised 
the same objection to the method used by us. 
For example-—Rodebush (Proc. Nat. Acad. 
Sci. 15, 678 (1919)) has stated ““Giauque and 
Johnston consider that there are ten varieties 
of molecules present at low temperatures and 
and that the entropy should be increased 
by the entropy of mixing of these varieties. 
It seems doubtful if the entropy of a system 
of molecules which is not in statistical equi- 
librium can be calculated from a@ priori con- 
siderations.” 

The point involved in these identical cri- 
ticisms is one that has wide application in the 
calculation of entropy and for this reason we 
consider further discussion desirable. Also the 
inference is that the results of calculations 
in which we expect to use the same method 
may be unreliable. We will not repeat the cor- 
rect and simple numerical calculation given 
in our paper, but will call attention to an ad- 
ditional discussion of this subject by one of 
us which will soon appear in the Journal of 
the American Chemical Society (probably De- 
cember). However we believe we can make 
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our point clear by means of a few brief re- 
marks. Our point may be illustrated by con- 
sidering any ideal system consisting, for exam- 
ple, of one or more chemical species of atoms 
or molecules distributed between rotational, 
vibrational, electronic or nuclear states. 
Whether these states are under complete 
equilibrium conditions or not we have an ideal 
solution of the various quantum species and 
if the average number in each of the molecular 
molecular states is known, the entropy can 
be simply and rigorously calculated by means 
of the well-known formula for the entropy of 
mixing. 

Let us consider a mixture consisting of one 
half mole each of hydrogen and helium gases. 
The absolute entropy is Rin2, the entropy 
of mixing, above that which these gases would 
have in their pure states at the same total 
pressure. 
sistent they would say that we could not 


However if our critics were con- 


plausibly determine the entropy in this way 
but must await the time when human inge- 
nuity discovers an equilibrium path for the 
interconversion of hydrogen and helium. This 
would involve a knowledge of such excited 
states of our system as would be necessary 
for calculating the equilibrium path, for exam- 
ple excited states of the helium nucleus which 
may well exist as intermediate states. This 
is absurd. It is perfectly evident to us that 
the entropy of our system is determined by 
those quantum states which are present in 
appreciable concentrations according to any 
accuracy we require. 

When the state of a system is known the 
entropy is known and unless we desire mathe- 
matical exercise we are not for our purpose 
necessarily concerned with the method by 
which a state arrived or could arrive at its 
condition. Changes that would take place if 
they could take place have nothing to do 
with the plausibility of an a priori calculation 
of the entropy of the particular state under 
consideration. If this were not so the calcula- 
tion of entropy would indeed be in an unfor- 
tunate position since most of our known mole- 
cules and elements appear to be unstable with 
respect to others. 

In our original paper we made it clear that 
while the usual extrapolation used in connec- 
tion with the third law of thermodynamics 
would require the addition of 4.39 entropy 
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units, yet if the 1:3 mixture were to be cooled. 
to the absolute zero under a limited equilib- 
rium which would not permit interchange of 
ortho and para-hydrogen, that the system 
would nevertheless approach zero entropy. 
This would occur by relative instability of 
multiplets at very low temperatures, speci- 
fic combination or separation into pure phases. 
This will happen in any solution if time is 
given for the attainment of that sort of equilib- 
rium. That this ‘precaution ‘in our statement 
was well taken has been shown by the experi- 
mental results of Simon, Mendelssohn and 
Ruhemann (Naturwiss. 18, 34 (1930)) show- 
ing that in the liquid helium temperature 
range the heat capacity of mixtures of ortho 
and para-hydrogen increases with decreasing 
temperature. This is the beginning of the dis- 
posal of the 4.39 entropy units in the case of 
the ordinary mixture. However the combined 
attainment of sufficiently low temperatures, 
and high enough, rates of transformation 
to permit nearly complete experimental dem- 
onstration is very doubtful. See the inter- 
esting discussion of Pauling (Phys. Rev. 36, 
430 (1930)). 

We quote from the forthcoming paper men- 
tioned above. 

The absolute entropy of hydrogen is 33.98 
E.U. at 298.1°K. The entropy calculated 
from statistics for the value which should be 
given by 9 f2%°E ¢,din7T including a Debye 
extrapolation below 10°K is 33.98—4.39= 
29.59 E.U. The value calculated from experi- 
mental data is in excellent agreement, namely 
29.7 +0.1E.U. 

Since the practical application of the third 
law of thermodynamics ignores the entropy 
effect due to nuclear spin in all known cases 
except that of hydrogen, it is suggested that 
the value 33.98—Rln4 the (nuclear spin ef- 
fect) =31.23 E.U. be used in third law calcu- 
lations. 

We would like to thank Dr. MacGillavry 
for sending us the galley proof of his paper. 

W. F. GIAvuQue 
H. L. JoHNsToN 


Chemical Laboratory of the University of 
California, Berkeley, California. 
Chemical Laboratory of the Ohio State 
University, Columbus, Ohio. 

October 28, 1930. 
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BOOK REVIEWS 


A Manual of Experiments, to accompany A First Course in Physics for Colleges. Mu.- 
LIKAN, GALE AND EpwWarbs. Pp. 221, figs. 134. Ginn and Company, Boston, 1930. Price $1.00. 

In this manual are described fifty-five laboratory experiments, designed particularly to 
accompany a course based on the text by the same authors. The manual may, however, be 
easily used with another text as rather complete descriptions and discussions are given and the 
references given to the text could be changed by the instructor to another text. 

The experiments are in general carefully selected and designed to give the student a definite 
conception of some physical principle. An exception is the experiment illustrating the second 
law of motion. In the first place, it seems to the reviewer as impossible logically to prove by 
experiment that force = ma as to prove momentum = mz, that is, to prove a definition. However, 
for pedagogical purposes, an experiment on the second law perhaps should be included in a 
laboratory course, but the one in this text is none too clearly described. The essential part of 
the experiment is the measurement of the acceleration of a body down an inclined plane set 
at different angles. A weight (mg) is first attached to the body in such a manner that it must be 
raised as the body moves down the plane. This weight is adjusted so that the body moves with- 
out acceleration (f= ma =0), then the weight is removed and the acceleration measured. 

Suggested forms for the record of the experiment, preliminary questions and related exer- 
cises are given. The apparatus required is usually simple and inexpensive. 


J. W. Bucuta 


Wave Mechanics. ARNOLD SOMMERFELD. Translated by Henry L. Brose. Pp. 304, figs. 33. 
E. P. Dutton and Company, New York, 1930. 

This is the English translation of the “Wellenmechanische Ergiinzungsband™ of Sommer- 
feld’s “Atombau und Spektrallinien” which was reviewed in this department last year (Phys. 
Rev. 33, 869 (1929)). The English edition is to some extent also a revision, several inaccuracies 
having been corrected and three notes added dealing with the photoelectric effect of atoms and 
the continuous spectrum of atomic hydrogen. 

A very commendable feature is the index of German expressions commonly used in this 
field with their English equivalents. 

It is of some interest to me (though perhaps to very few others) to note that Sommerfeld 
has allowed my remark on group velocity in the simple Zeeman effect to stand (p. 121) even 
though it was dismissed as ‘‘nicht stichhaltig” in Jordan's review of the German edition in 
Die Naturwissenschaften. Theonly possible quarrel with the remark that I can see is that the 
calculation appears to call for differentiation with regard to a quantum number, m, which since 
it is restricted to integer values, should not be treated as a continuous variable. But since the 
expression that is differentiated is linear in m the same result is obtained for a kind of group 
velocity that results from the superposition of waves whose quantum numbers are m and m+1, 
instead of the m and m+ e (with e—0) implied in the usual definition of group velocity. 

E. U. Convon 
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